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ABSTRACT 
Otitis media (OM) is a middle ear infection caused by bacterial growth between the tympanic 
membrane (TM) and the inner ear. Children with chronic OM, including OM with effusion and 
recurrent OM, often have conductive hearing loss and communication difficulties, and need 
surgical treatment. Recent clinical studies have shown strong evidence that there is a one-to-one 
correspondence between chronic OM and the presence of a bacterial biofilm behind the TM. 
This thesis proposes an approach to investigate bacterial biofilm in the middle ear using two 
methods, low coherence interferometry (LCI)/optical coherent tomography (OCT) and acoustic 
measurements. Portable systems were constructed by integrating LCI/OCT techniques with a 
standard video otoscope to provide depth-resolved optical scattering properties of the middle 
ear. An automatic algorithm was written to classify the LCI/OCT data to detect the presence of 
biofilm behind the TM and therefore distinguish the chronic infection. The acoustic 
measurement provides multi-frequency reflectance and impedance characteristics of the middle 
ear. These acoustic measurements are then represented by pole-zero plots, which are then 
analyzed to determine physical acoustic characteristics and to synthesize models of the middle 
ear. 
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CHAPTER 1    INTRODUCTION 
1.1 Otitis media 
Otitis media (OM) is a middle ear infection often caused by bacterial growth between the 
tympanic membrane (TM) and the inner ear. Middle ear infections occur in about 75% of 
children by the age of three years and ear infections are the most common childhood illness 
treated by pediatricians (1) . Young children often acquire ear infections after upper respiratory 
tract infections or allergic reactions to foods or environmental allergens. Characterization of 
middle ear infections is currently based on symptoms, duration, otoscopic observations, and 
physical diagnosis. The most common type is acute otitis media (AOM), which is a rapid-onset 
infection with one or more symptoms including otalgia, fever, and irritability. In this case, 
physicians often find an abnormally appearing TM with pneumatic otoscopy, including bulging, 
opacity, effusion, and decreased mobility. Most AOM cases clear in one or two weeks, and 
antibiotics are frequently used. Recurrent AOM and OM with effusion are considered as chronic 
OM. These diseases often cause long-term or permanent ear damage which leads to hearing loss 
and speech delay in small children if inadequately treated (2). Most cases of chronic OM do not 
respond to antibiotic treatment (3-5) and hence surgery to place a tympanostomy tube in the TM 
is often recommended for continuous ventilation. This surgery is the most common surgical 
procedure for young children (6). Debate regarding the appropriate use of antibiotics in all types 
of OM continues, indicating a strong need for additional quantitative data or biomarkers to help 
determine optimal treatment strategies and to more effectively manage these common set 
diseases (4). 
 2 
1.2 Chronic otitis media and bacterial biofilms 
A biofilm is a complex self-assembled habitat of multiple species of micro-organisms (e.g. 
bacteria, fungi, viruses, etc.) that grow communally in an adhesive biopolymer matrix. The 
micro-structures of biofilms were found to be highly heterogeneous in composition and 
architecture, including cell distribution, cell aggregation, structural voids, and fluid channels. 
Within biofilms, microbes are protected from harsh environments, including exposure to 
antibiotic or biocide treatments, enabling a cycle of increasing antibiotic resistance and re-
seeding of recurrent or persistent infections (7, 8). 
Recent clinical studies have shown that chronic OM is strongly associated with the presence 
of a bacterial biofilm behind the TM (9). Middle ear mucosal specimens from 26 patients with 
OM with effusion or recurrent OM were surgically removed, cultured, and visualized by 
confocal laser scanning microscopy, and 92% of these specimens showed bacteria biofilms. 
Biofilms were not observed in mucosal specimens from uninfected ears from control patients 
undergoing placement of cochlear implants (9). Studies have also observed biofilm formation in 
induced chronic OM in animal models. The pathogenic bacteria, Pseudomonas aeruginosa, which 
exists in virtually all infected middle ear cultures, has been shown to form a biofilm in the middle 
ear of a non-human primate model (10). The relationship between chronic OM and bacterial 
biofilms has also been supported in various pathology studies (11, 12), with the presence of a 
biofilm being linked as the common cause of persistent infections.  
1.3 Current methods in otitis media diagnosis 
The diagnosis of chronic OM is one of the biggest challenges in the management of middle ear 
infections. Most patients with chronic OM do not have noticeable symptoms as in acute OM, 
 3 
and the physical evidence of chronic OM is challenging to detect by current clinical methods 
(13). Standard otoscopy is most frequently used in the diagnosis of chronic OM, but the 
accuracy of this method is limited with sensitivity and specificity of 74% and 60%, respectively 
(14, 15). Other currently available diagnostic methods such as pneumatic otoscopy and 
tympanometry can yield slightly higher sensitivities and specificities (70-90%) under ideal 
conditions, compared to standard otoscopy (15, 16). Both pneumatic otoscopy and 
tympanometry still have technical problems with obtaining a good seal within the patient’s ear 
canal, complicating the accuracy and reliability of the measurement. Accurate measurements 
require that the correct size of the ear speculum be used, and they depend heavily on physician 
expertise and patient cooperation. The accuracy of these measurements is also affected by other 
factors like cerumen or instrument pressure. Therefore, a combination of the three methods: 
otoscopy, pneumatic otoscopy, and tympanometry, if necessary, is now recommended for the 
diagnosis of chronic OM (15, 16). Furthermore, these methods are helpful in detecting effusions 
in chronic OM, but remain limited in their ability to qualitatively or quantitatively track changes 
in the effusion during treatment. 
1.4 Low coherence interferometry/optical coherence tomography 
Low coherence interferometry (LCI) and optical coherence tomography (OCT) refer to the 
same basic optical ranging technique that uses an interferometer and low coherence light (17, 
18). In an LCI/OCT setup, a broadband optical light source is used to generate low coherence 
light which is then split by a beam splitter or fiber-optic coupler and sent to a sample arm and a 
reference arm of the interferometer. The reference arm contains a stationary mirror, while the 
sample arm contains beam-delivery optics to direct the beam toward the sample. The fiber-
optics and micro-optics within the sample arm are also highly amenable for integration with a 
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standard or video otoscope. The interference of the two back-reflected or scattered beams is 
captured by a linear photodetector array and processed by a computer to describe the depth-
resolved optical scattering properties of the tissue. In an OCT system, adjacent LCI-acquired 
depth scans are assembled to generate a cross-sectional image of tissue, as the beam is 
transversely (laterally) scanned. The broadband, near-infrared light used in LCI/OCT allows for 
axial resolutions of up to 2-3 µm, and penetration depths of up to 2-3 mm in highly-scattering 
tissues, depending on tissue type. The spatial variations in the optical backscattered signal are 
displayed as images and used to describe the microstructures of the tissues (17, 18). 
While standard otoscopy relies on the illumination and magnification of the surface of the 
TM, it is not effective for visualizing structures within the middle ear, especially when the TM is 
no longer translucent in states of disease. The non-invasive, high-resolution depth-ranging and 
imaging capabilities of LCI/OCT offer the potential for applications in the middle ear, and for 
the detection and quantification of middle ear biofilms (19, 20). With micron-scale resolution, 
OCT is capable of imaging the micro-structure of biofilms, including the dynamics of biofilm 
formation, as demonstrated in a laboratory flow-cell experiment where the three-dimensional 
structure was visualized over time (21). Three-dimensional OCT imaging has been performed on 
ex vivo human ear structures to reveal the micro-structures of the middle ear including the TM, 
malleus, incus, chorda tympani nerve, and tendon of the tensor tympani muscle (19). LCI data 
alone has been used to efficiently classify human breast tissue types (22), suggesting that a similar 
application is possible to quantitatively characterize middle ear structure and classify OM status. 
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1.5 Acoustic measurements 
Acoustic reflectance has become a powerful measurement to quantify the acoustic characteristics 
of the middle ear. Many researchers have developed methods for measuring the acoustic 
impedance and reflectance of the middle ear which are now increasingly used in clinical 
applications (23-26). Such systems measure the complex acoustic pressure in the ear canal, 
including magnitude and phase as a function of frequency. The most widely used quantity 
derived from this measurement is the acoustic reflectance, which is the ratio of the backward 
propagating pressure wave to the forward propagating pressure wave at the measurement 
location in the ear canal. The squared magnitude of the acoustic reflectance |Γ|2 represents the 
amount of acoustic power reflected back to the ear canal from the tympanic membrane. The 
phase of the acoustic reflectance represents the latency of this reflected power. The measured 
acoustic reflectance in both magnitude and phase as a function of frequency is closely related to 
hearing sensitivity and therefore is more relevant to the clinical assessment of the middle ear. 
Unlike impedance, the magnitude of the acoustic reflectance is not affected by probe insertion 
depth. Thus it is possible to compare magnitude reflectance across ears in order to differentiate 
middle ear pathologies from normal ears. The acoustic power absorbance 1-|Γ|2 can be thought 
of as a transfer function for the middle ear, playing a large role in hearing sensitivity across 
frequency. It is important to consider both the complex acoustic impedance and reflectance for 
further clinical and physical interpretation of middle ears (27-30). 
1.6 Objectives of the dissertation 
In this work, I demonstrate the first application of middle ear imaging by in vivo LCI/OCT in 
animals and humans for the detection and classification of biofilms. An LCI-otoscope system 
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and a 2-D cross-sectional imaging OCT-otoscope system are both used to generate LCI depth 
scans which are classified and used to identify the presence of biofilms in the middle ear of 9 rats 
and 36 human subjects. The visualization of normal TMs without biofilms and TMs with 
biofilms at different stages demonstrates the capability of LCI/OCT for middle ear diagnostics 
and imaging, and suggests their further use in diagnosing middle ear biofilms and following 
biofilm dynamics during the treatment of OM. The acoustic measurement of multi-frequency 
power reflectance provides sound reflectance and impedance characteristics of the middle ear. 
These acoustic measurements are then represented by pole-zero plots, which are analyzed to 
determine physical acoustic characteristics and synthesize models of the middle ear. This study, a 
combination of optical imaging and acoustic measurements, is implemented on normal and 
pathological human ears to examine the presence of biofilm. The measurement results provide 
assistance for middle ear diagnosis, treatment of chronic middle ear infection, and the 
understanding of the impact of OM on conductive hearing loss. 
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CHAPTER 2    BACKGROUND 
2.1 LCI/OCT techniques and current LCI/OCT research on middle ear infection 
and biofilms 
2.1.1 Low coherence interferometry and optical coherence tomography 
Low-coherence interferometry (LCI) is an optical ranging technique that is capable of measuring 
one-dimensional, depth-resolved tissue structure with a typical resolution of several microns. 
This technique is sensitive to the optical scattering properties of the tissue, sensed from the 
interference pattern of near-infrared light reflected from the tissue and a reference reflection. A 
diagram of an LCI system is given in Figure 2.1. 
 
Figure 2.1: Diagram of an LCI system. 
The interferometer in the LCI system splits a broadband light field into two fields, sending a 
reference field to the reference mirror and a sample field to the tissue. The interference of the 
two backscattering fields is captured by a photodetector. The intensity of the interference is 
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             〈  
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where Ir and Is are the mean intensities reflecting from reference arm and sample arm, 
respectively,  is the optical time delay, g() is the temporal coherence function, and 0 is the 
center frequency of the source spectrum. 
Figure 2.2 is an example of the interference pattern from the LCI system, showing that the 
central wavelength is 940 nm and the bandwidth is about 70 nm.  
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Figure 2.2: Interference fringes from an LCI system with a 940 nm central wavelength 
and a 70 nm bandwidth.  
According to the Wiener-Khinchin theorem, g() is the Fourier transform of the power 
spectral density of the source 
 ( )    { ( )}   ∫  ( )        
  
  
            (2.2) 
From Eq.(2), the shape and bandwidth of the light source spectrum will determine the 
temporal coherence function and, therefore, the interference properties. For a Gaussian shape 
spectrum with a center frequency of 0 and a bandwidth of ,  
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In the LCI system, lc also represents the axial resolution. From Eq.(5), a broad bandwidth 
spectrum allows for a high axial resolution along a depth scan. Therefore, the use of near-
infrared light (for optimal imaging depth in highly scattering tissues) with broad bandwidth is 
preferred in LCI to capture microstructures within tissue. For example, this system with an 
optical source of center wavelength 940 nm and bandwidth of 70 nm will be able to measure 
tissue with an axial resolution about 6.5 m in air, and roughly 4.5 m in tissue.  
With additional transverse (lateral) scanning mechanisms and by assembling adjacent depth 
scans, optical coherence tomography (OCT) images can be generated to visualize cross-sectional 
features of tissues. In the spectral domain OCT (SP-OCT), a dispersive component (diffraction 
grating) distributes the spectral information by different optical frequencies to a line-scan CCD. 
This encoded spectral information enables the full depth axial scan information without the 
change of the reference arm’s path-length as in time domain OCT (TD-OCT) (18).  
Examples of LCI and OCT data are shown in Figure 2.3; the OCT image (Fig. 2.3(left)) was 
from the tympanic membrane of an infected rat and imaged ex vivo. The LCI data (Fig. 2.3(right)) 
is from a single column in the OCT image. 
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Figure 2.3: (Left) An OCT image and (Right) extracted LCI scan of a rat TM . 
2.1.2 Previous LCI/OCT research on middle ear and biofilms imaging 
The impact of OM motivates the use of an imaging technique to detect biofilms behind the TM 
in order to distinguish chronic OM and acute OM. Tympanic membranes and biofilms are 
approximately 100 µm thick. These micro-features of the middle ear are, therefore, not suitable 
for the more traditional medical imaging techniques such as CT, MRI, and ultrasound, even with 
state-of-the-art high-resolution methods.  
Imaging of the middle ear using the LCI/OCT technique has been demonstrated by several 
research groups. In Figure 2.4(left), all microstructures of the middle ear, such as the tympanic 
membrane, the malleus, the incus, the chorda tympani nerve, and the tendon of the tensor 
tympani muscle, are clearly visualized (19). With high resolution, LCI/OCT is also capable of 
imaging the microstructures of biofilms. Previous research has visualized the growth of biofilms 
in a tube using OCT images acquired over time. Reconstructed 2-D and 3-D images of a 3-day-
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old P. aeruginosa biofilm grown in a standard capillary flow-cell model are shown in Figure 
2.4(right) (21). 
 
Figure 2.4: (Left) Ex vivo OCT image of the human middle ear (from (19)) shows the 
tympanic membrane (TM), the chorda tympani nerve (CT), the malleus (M), and the incus 
(I). (Right) OCT images shows a 3-day-old biofilm grown in a standard capi llary flow-cell 
model (from (21)).  
The use of LCI or OCT for middle ear assessment and imaging offers several advantages. 
First, high axial resolution of several micrometers of LCI/OCT technique is appropriate for 
imaging the microstructures of the middle ear. Second, these techniques have the potential to 
non-invasively detect and quantitatively assess the presence of biofilms behind the TM, while 
standard otoscopy or ultrasound imaging cannot. While both LCI and OCT can provide new 
useful information, LCI is faster and more compact, with fewer requirements for mechanical 
scanning compared to OCT. Small disposable fibers mounted in ear specula can be used to 
perform LCI, instead of complex micro-mechanical scanning systems (MEMs). However MEM-
based scanners would make 2-D and 3-D OCT imaging of the ear possible. These 2-D or 3-D 
OCT images provide more convenient visualization information for the physician.  
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2.2 Acoustic power assessment of human middle ear 
2.2.1 Acoustic concepts 
Acoustics is the study of mechanical waves in a medium. The important quantities associated 
with these waves are pressure p, volume A, and volume velocity v. The acoustic wave equation is 
derived from two relations between pressure and volume velocity, 
          
  
 (   )   
  
 ( )
  (   )
  
                                                            (2.6) 
 
  
 (   )   
 ( )
    
  (   )
  
                                                                (2.7) 
In the equations, 0 =1.4, P0 is the static pressure = 10
5, and 0 is the density of the medium. 
The wave equation is equivalent to the Webster horn equation in time domain 
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                                            (2.8) 
which is more general and natural in term of the role of cross-sectional area A(x) in the wave 
equation.  
For air at 20 degrees Celsius and at 1 atm, the constants are 0 = 1.21 kg/m
3, 0 =1.402, and 
c = 343 m/s. 
The transformation of these wave equations in the complex frequency domain s =  + j is  
 
  
[
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  (   )
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]                            (2.9) 
where the per-unit impedance  
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and per-unit admittance  
 (   )   
 ( )
    
   ( )                      (2.11) 
with M(x) and C(x) are defined as per-unit-length mass and per-unit-length compliance. 
Acoustic impedance is an important parameter to characterize an acoustic network. This 
terminology represents the ratio of the acoustic pressure to the volume velocity. For an acoustic 
transmission line, the acoustic impedance in the frequency domain at a point x is defined as 
Z(x,) and  
   
 
 
 
     
     
                                                             (2.12) 
where + and – represent for the forward and backward wave. The characteristic impedance of 
the transmission line is Z0 = P
+ / V+ = 0c/A. The acoustic reflectance is defined as =( P
- / P+) 
The reflectance then can be calculated from the characteristic impedance as 
               
     
     
                                      (2.13) 
In middle ear acoustic measurements, the power reflectance ||2  is the relevant measure for 
clinical assessment because it represents the proportion of energy reflected by the middle ear, 
and therefore might be more closely related to hearing sensitivity than measures of impedance. 
Further, the energy reflectance is insensitive to probe position and standing waves in the ear 
canal. The transmittance, which describes energy transmitted through the middle ear, is also 
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another important measure to interpret clinical measurement, T =10log(1-||2), because of its 
analogous characterization to the transfer function of the middle ear (29). 
2.2.2 Acoustic measurements 
The acoustic impedance is measured using a method to estimate Thévenin equivalent parameters 
for a sound source such as the impedance and open circuit power of the source. Given these 
estimated parameters, the impedance of any acoustic load can be calculated by its output 
pressure (Fig. 2.5). 
The MEPA system includes a low distortion sound source connected to a uniform diameter 
tube through a matching acoustic resistor which is used to maximize transmitted power. A 
transducer with a single microphone is placed at the end of the tube to measure pressure 
response of a load.  
 
Figure 2.5: Schematic of acoustic measurement  method. 
The equivalent impedance and open circuit pressure of the acoustic source are defined as 
Z0() and P0(). Impedance and output response pressure of a load are respectively Zx() and 
Px(), and their relationship is 
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         (2.14) 
In this acoustic measurement, four standard cavities with precisely chosen lengths are used as 
four different loads. The impedances of these long cavities are Z1(), Z2(), Z3(), and Z4(), 
which can be determined by their lengths. The output pressures from these four cavities 
measured at the transducer are defined as P1(), P2(), P3(), and P4(). The relationship of 
these impedances and pressures is derived as  
[
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By solving the above equation, the complex source impedance and open circuit pressure (Z0 and 
P0) are determined. Then, for any load which is measured output pressure, its acoustic 
impedance is calculated using source information Z0 and P0 (31). 
2.3 Middle ear models 
Various middle ear models have been developed for many years.  Most of these have used an 
electroacoustic analogy (32, 33). The basic model was proposed by Zwislocki (1962) by an 
electrical model that represented the middle ear by five blocks which are middle ear cavity, ear 
drum, eardrum-malleus-incus, incudo-stapes joint, and stapes-cochlear-round window (Fig. 2.6). 
The first block is the middle ear cavities block which is affected by reactions of any other parts 
of the middle ear. The second block represents the vibration of the ear drum which is different 
from that of the ossicles. Part of the ear drum accompanies the motion of the malleus and the 
incus, which are all included in the third block. The energy loss due to the elastic joint between 
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the incus and the stapes is shown in the fourth block and the last one considers the stapes, the 
cochlea, and the round window as the load of the model. Many later middle ear models have 
been adapted from Zwislocki’s model. One of them is the network model developed by 
Kringlebotn (33). This model considers the eardrum suspension associated with the middle ear 
cavities so they are in series in the block diagram. The rest of this model is adapted from 
Zwislocki’s model. Kringlebotn model also provides the methods in details which can be used 
for reference.   
 
Figure 2.6: Block diagram of the middle ear. The middle ear is represented by five 
components: middle ear cavities, ear drum (TM), eardrum-malleus-incus, incudo-stapedial 
joint, and stapes-cochlea-round window. 
The reflectance of the middle ear including the effect of ear canal is calculated by 
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        (2.16) 
where Zd is the acoustic impedance of the eardrum which can be simulated from the circuit 
model, Z0 is the characteristic acoustic impedance calculated by 0c/A,  is the absorption 
coefficient at frequency f determined by 4.8x10-5(f/A)1/2. One may use this directly with  since 
its magnitude is independent of L, assuming  is small, which is a good assumption in the case 
of the ear canal. 
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Instead of using the frequency domain as in most of the current models, another research 
effort (Parent & Allen model) implemented a model that has a time domain wave model of the 
TM.  This model considered the volume velocity samples as distributed uniformly in space and 
updated periodically to simulate the propagation of the sound wave in the TM (34). This 
approach adequately represents the TM and critically relates to our biofilm study since the 
biofilm affects the TM directly. Because the approach directly deals with wave components on 
the TM in the time domain, this has the advantages of being a simple, highly physical and 
intuitive method. The modeling approach can quantitatively reproduce the major characteristics 
of the human middle ear transmission, and can qualitatively capture forward and reverse power 
transmission. The model presented here is based on such canal impedance measurements, and is 
designed to match both normal and pathological ears. 
Measured reflectance and transmittance of three normal ears (N1, N2, N3) are demonstrated 
with those from Zwislocki’s model, Kringlebotn’s model, and Parent’s model (Fig. 2.7). Both 
Zwislocki’s model and Kringlebotn’s model show significant differences in performance at low 
and high frequencies compared to measured data. Parent’s model provides a better fit in 
transmittance but less flexibility in middle frequencies.  
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Figure 2.7: Power reflectance and power transmittance of normal ears (N1, N2, N3)  
from acoustic measurements and current models . 
Most of the middle ear models mainly involved the ear with normal hearing function. Recent 
middle ear modeling researches show interest in the middle ear pathologies such as otosclerosis 
(32, 34), OM with effusion (34), and TM perforation (35). Bacterial biofilm is present in most 
chronic OM and therefore will become a new potential subject of study in middle ear modeling.       
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CHAPTER 3    INTEGRATED LCI/OCT OTOSCOPES AND 
PRELIMINARY STUDY IN AN ANIMAL MIDDLE EAR 
3.1 Instrumentation 
Detection and imaging of middle ear biofilms was performed by two systems. The LCI-otoscopy 
system is faster, lower cost, and more compact, with fewer requirements for mechanical beam 
scanning. However, each depth-resolved scan is spatially independent from others captured 
during each session. The OCT-otoscopy system utilizes a pair of galvanometer-mounted mirrors 
to scan the optical beam across tissue and assembles adjacent LCI depth scans into a 2-D or 3-D 
image. This system is more expensive to construct and more complex, but provides cross-
sectional images of the TM and any biofilms, which can be more readily identified by users. 
The portable LCI-otoscopy system was comprised of three main components: the LCI core 
optics, the LCI probe, and a standard video otoscope. The LCI core optics (Fig. 3.1a) uses a 
superluminescent diode (SLD) as the low-coherence light source of the LCI system. This SLD 
has a center wavelength of 940 nm and a bandwidth of 70 nm, enabling an axial resolution of 
about 4 µm in tissue. The interference fringes generated by back reflections from the sample and 
reference arms were detected by a line-scan camera (Dalsa, Inc.) with 2048 pixels, 10 m pixel 
size, and 35,000 Hz line rate. The camera was connected to the laptop computer by a PCMCIA 
data acquisition card which supported a Camera-Link interface (Imperx) (Fig. 3.1b). The micro-
optics of the LCI probe were custom-designed with a small diameter (0.5 - 0.7 mm) and a long 
working distance (12-14 mm) to match the video otoscope optics. A gradient index (GRIN) lens 
with a diameter of 0.5 mm, length of ~ 3.5 mm, and working distance of 6 mm was initially 
used. The 8º polish angles of the GRIN lens prevented large back reflections from surfaces of 
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the probe. In order to achieve the long working distance, this lens was then polished and glued 
to the fiber. The polished length of the lens and the glue layer thickness were calculated by 
theory and simulation in a related study (36). The final LCI probes had a long working distance 
in the range of 12-14 mm and a spot size of ~ 30 µm (transverse resolution). The distal end of 
this fiber probe was positioned within a plastic ear speculum tip to enable the focused spot to be 
located within the field of view of the video otoscope image (Figs. 3.1c,d). A standard video 
otoscope (Model 23120, Welch Allyn, Inc.) was used for these studies so that the real-time 
otoscope CCD-camera video could be used to track the location of the LCI beam incident on 
the TM, as well as provide digital video imaging of the TM surface illuminated with white light 
from the otoscope illumination source. This LCI system could also readily interface with other 
standard (non-video) otoscopes as well, provided that an additional visible aiming beam was co-
linearly propagated with the LCI beam and incident on the TM. 
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Figure 3.1: Portable LCI/OCT otoscopy systems. (a) Photograph of the portable LCI-
otoscopy system. (b) Schematic and photograph of the integration of the LCI fiber -based 
micro-optic probe into the otoscope head. (c) Schematic and beam profile of the long 
working distance LCI probe which utilizes a gradient-index (GRIN) lens. (d) Photograph 
of the portable OCT-otoscopy system. (e) Schematic and photograph of the OCT-
otoscopy handheld scanner. The OCT-otoscopy system enables two-dimensional and 
three-dimensional cross-sectional OCT images, in contrast to only individual LCI depth -
scans from the LCI-otoscopy system. However, the OCT-otoscopy system has added 
complexity with the use of galvanometer -mounted mirrors for scanning the beam across 
tissue. 
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The OCT-otoscopy system (Fig. 3.1e) was designed for future use in primary care imaging 
applications and has been described previously (37). This system was also used for comparison 
of OCT and LCI data collection, and provided image-based data at the expense of more 
complex and costly beam scanning hardware. Briefly, this system utilized an SLD light source 
operating at a center wavelength of 830 nm and a bandwidth of 70 nm, providing an axial 
resolution of ~ 3 µm in tissue. A high speed line scan camera (Sprint, Basler) and frame grabber 
(National Instruments) enabled a data acquisition rate of ~ 70,000 axial scans per second, or an 
image acquisition rate of ∼ 70 frames/s, with each image having 1,000 axial scans (columns) of 
LCI data. Sixteen processed OCT images of size 1 x 1.5 mm can be displayed each second, after 
processing. The handheld OCT scanner utilized galvanometer-mounted mirrors for fast 2-D and 
3-D image acquisition. A miniature CCD (charge-coupled device)-based color video camera 
having a size of 1.6 cm (diameter) x 2.1 cm (length) and 0.27 megapixel was also integrated to 
simultaneously capture real-time video images of the TM surface during acquisition of cross-
sectional OCT images. All the optics in the handheld scanner were packaged inside a light and 
robust plastic box (11.5 cm x 11.5 cm x 6.3 cm) (Fig. 3.1f). The lens mount was constructed by 
modifying the same metal ear tip used in existing commercial otoscopes. This allowed for the 
use of disposable ear specula for each patient. 
Both systems were controlled by custom-written software (Labview) which included a user-
friendly graphical interface to display both the CCD video image and the collected LCI data or 
the OCT images. Our OCT-otoscopy system also included additional features, such as 
acquisition of orthogonal OCT images for optimal alignment and auditory indicators which 
informed the user of correct positioning of the handheld scanner relative to the optical focus 
and the tissue location. 
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3.2 Classification algorithm for LCI/OCT data of middle ear 
A classification algorithm was developed to classify human middle ear LCI scans as either 
normal, or abnormal with biofilm or effusion present (Fig. 3.2). Each LCI scan was 
characterized by three parameters which served as inputs to the classification algorithm. These 
parameters are thickness of the TM with or without a biofilm layer, intensity of optical 
backscatter, and optical attenuation through the TM and any additional structures within the 
middle ear. The thickness of the TM and biofilm layers was determined by an edge detection 
algorithm (38).The intensity represents the mean signal over the entire depth scan, and the 
attenuation is defined by the signal slope. 
First, the thickness and intensity of each LCI axial scan were computed. The thickness was 
then analyzed to discard superfluous scans that may have been collected from unwanted 
positions, such as the TM region over the malleus or to the edges of the ear canal, where the 
tissue is significantly thicker and not representative of the TM. Generally, a normal TM is 
thinner in the central region and thicker around the periphery (39). Therefore, LCI data from the 
central region of normal TMs were detected and differentiated from other data, including data 
from the periphery of normal TMs and TMs with biofilms or effusion, by a hypothesis detection 
method based on the thickness and intensity parameters. The typical thickness of the normal 
human TM is 100 µm, and the biofilm increases this thickness by 50-300 µm. 
Signal models were generated from the training data based on the three characteristic 
parameters and utilized to classify the LCI data. The signal models represented the A-scans of 
data groups acquired from the central region of normal TMs, periphery of normal TMs, TMs 
with early biofilms, TMs with developed biofilms, and TMs with effusion. These groups were 
formed based on the known structures of TMs (39), biofilms (21), and phantoms for effusions. 
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The mean thickness and intensity were first computed by Bayesian estimation. The training data 
were then normalized to the expectation value of the thickness and intensity.  The model was 
the average of these normalized training data. 
 
Figure 3.2:  Signal processing flow-chart decision tree for the LCI axial scan classification 
algorithm.  Abbreviation:  TM, tympanic membrane; Y, yes; N, no.  
A minimum distance classification was then implemented on pre-processed data. The pre-
processing steps normalize the thickness and intensity of the input signal to enable pattern 
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matching with the models. The best match model minimized the Euclidean distance between the 
given model and input data (Fig. 3.2). 
3.3 Animal study 
3.3.1 Rat model for inducing bacterial biofilm in the middle ear 
Demonstration of this LCI system and methodology was first implemented in a new rat OM 
model that was developed especially for this research. Under an IACUC-approved protocol, 
Streptococcus pneumoniae biofilms were induced in Sprague-Dawley rats using a minimally invasive 
technique involving nasal cannula delivery and pressurization to deliver bacteria to the middle 
ear via the Eustachian tube. The rat has previously been widely used as a model for OM by 
introducing bacteria through a perforated TM or bulla.  While there have been many reported 
methods for inducing OM in models (11, 40), only one recent report has described protocols for 
inducing middle ear biofilms in a chinchilla model (39).  
To induce middle ear biofilms, rats were inoculated biweekly and checked daily for OM 
development. Rats were first anesthetized using a subcutaneous injection of Carprofen (5 
mg/kg) followed by an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 
mg/kg). A 30 µl volume of Streptococcus pneumoniae bacteria in a saline 1% methylcellulose 
solution at a concentration of 1 x 1010 CFU/ml was delivered into the left nasal cavity via a 
Teflon cannula. The rats were immediately transferred to a pressure chamber in which the air 
pressure was gradually raised to 50 kPa over 5 minutes, held at 50 kPa for 5 minutes, and then 
gradually reduced back to atmospheric pressure over 5 minutes.  
Starting first with one group of five animals, four animals were used for inoculation and one 
served as a control. The inoculations were first administered once a week. After five weeks 
without observing signs or symptoms of OM, the animal protocol was modified to allow 
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bacterial inoculations biweekly instead of weekly, as originally planned. Since biofilms were 
expected to form after several recurrent OMs, and in order to increase the number of animals 
with OM, a second group of four rats was added to the study after three months.  
The increased chamber pressure drove the inoculation bolus into the middle ear, resulting in 
acute and chronic middle ear infections and growth of biofilms over a total period of seven 
months. At various time points, in vivo video otoscopy images and LCI data from the TMs of 
these animals were collected. Normal conditions, acute and chronic infections, and middle ear 
biofilms were observed. All of the TMs were dissected out for secondary ex vivo OCT imaging, 
and were subsequently fixed and embedded in paraffin for histological sectioning and 
comparative examination. 
3.3.2 LCI/OCT data  
During the seven-month animal study, eight animals were inoculated and one animal was 
maintained as a control. Noticeable differences were observed in the inoculated rat TMs using 
both video otoscopy images and LCI data, compared to the normal control animal. The 
differences were noticed despite the fact that most inoculated animals did not appear sick during 
the inoculation period. Tympanic membranes from all inoculated animals were monitored 
during every inoculation session. Otoscopy images and LCI data were acquired if any of the 
animals appeared sick or if abnormalities were found in TMs. Ex vivo OCT and histology images 
of TMs were also acquired if the rat had appeared severely infected on otoscopy and LCI.  
The first acute OM was noticed by otoscopy from a rat in first group after seven weeks. The 
TM in this animal had darker and branching vessels and half of the TM appeared red and 
opaque.  Several acute OMs were recorded in three animals from both groups at later time 
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points. However, these OMs resolved naturally in two to three days. Histology of the TM from 
one of the acute OM infections confirmed the presence of bacterial colonization behind the TM. 
The most interesting result was found in one animal in the second group. A severe infection was 
observed after four months of inoculations and following two recorded episodes of acute OM. 
The TM from this animal was dark red, prominent, and found to have two holes. Data from this 
middle ear acquired by LCI, OCT, and histology confirmed the severe infection and revealed the 
presence of additional biofilm structures behind the TM.   
Representative results from the animal study are described for a control and infected rat. The 
TM of the normal rat appeared translucent by video otoscopy (Fig. 3.3a) and the corresponding 
typical LCI signal showed a single, thin structure representing the thin TM (Fig. 3.3b). 
 
(a)      (b)          
Figure 3.3: (a) Otoscope image and (b) typical LCI data f rom a normal rat TM. 
This thin TM was also confirmed in the corresponding OCT images from this normal rat. 
Different positions of the OCT scans were implemented relative to the malleus. The OCT 
images of the dissected TM (Fig. 3.4) were acquired with the OCT beam incident on the inner 
surface of the TM, rather than on the external surface, in order to provide a full field of view. 
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The narrow external ear canal of the rat prohibited OCT imaging across the full width of the 
TM from this orientation. Major portions of the TM were thin, while the periphery of the TM 
was noticeably thicker. Histology image of the normal rat also visualized the thin TM (Fig. 3.5). 
 
Figure 3.4: Ex vivo  OCT images of a normal rat middle ear at four different positions 
(P1–P4) across the malleus. 
 
Figure 3.5: Histological image of a normal rat middle ear. M = malleus; TM = tympanic 
membrane. 
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In contrast, video otoscopy from the infected TM appeared cloudy, dark red, and with 
prominent hole-like regions (Figure 3.6(a)). The LCI signals from the infected rat TM exhibited 
additional scattering structures behind the TM. As an example, in the typical LCI scan, the 
additional structure appeared thick and lower scattering was observed immediately adjacent to 
the thin and higher-scattering TM. This structure was about 120 µm thick, six times thicker than 
the TM from a normal rat (Fig. 3.6(b)).  
 
 
Figure 3.6: (a) Otoscope image and (b) typical LCI data from the TM of an infected rat.  
In the ex vivo OCT images from the middle ear of the infected rat, additional structure after 
the TM was confirmed. The presence of the two prominent regions with holes filled by blood 
was also shown in the OCT images (Fig. 3.7). These findings from the infected TM were 
visualized in the histological images as well. Even though some portions of the biofilm were not 
shown in the histological image (likely due to processing artifacts) as in the OCT images, the left 
portion of the biofilm (blue arrows), the two holes (red and blue squares), and bacteria 
colonization (Fig. 3.8) were evident, which validated the presence of a bacterial biofilm as 
detected in the LCI data. 
              (a)                           (b) 
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Figure 3.7: Ex vivo  OCT images of an infected rat middle ear at four different positions 
(P1–P4) across the malleus.  Note the increased thickness of the TM and biofilm 
structures. The prominent areas with holes filled by blood (as seen in  Figure 3.5 (left)) 
are also recognized.  
 
Figure 3.8: Histological images of an infected rat middle ear (left) and bacterial 
colonization in middle ear (right).  Boxes show the holes and blue arrows indicate the 
biofilm structure behind the TM. 
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The in vivo video images of the rat TMs are out-of-focus because the very narrow ear canals 
prevented full insertion of the human otoscope ear speculum tip. To enable LCI data collection 
within the small rat ear canal, a bare LCI probe tip was inserted directly, and real-time LCI 
signals were used to monitor the position and placement relative to the TM, where in vivo LCI 
data was collected. By this method, 74 in vivo axial scans were successfully acquired. Despite this 
relatively limited number of LCI scans, these axial scans were sufficient to show the presence of 
additional scattering structures behind the TM, which were indicative of a biofilm. 
3.4 Classification on LCI data of animal middle ear 
Figure 3.9 reports the classification of the LCI data for ex vivo OCT data based on the 
thickness and intensity of the filtered axial scans. There is clear separation between scans 
classified as normal from the control rat (blue circles) and those classified as infected from the 
infected rat (red circles). Some data points from the infected rat (left red circles) fell within the 
normal area because they came from regions of the TM that did not have biofilms, as confirmed 
by histology. Similarly, some data points from normal TMs (right blue circles) fell within the area 
classified as infected (Fig. 3.9a). These data points correspond to LCI scans acquired from 
regions over the malleus and around the periphery of the TM, where natural thickening occurs. 
The model classification was then applied to classify the filtered ex vivo LCI data into defined 
categories. From 1,786 axial scans from normal rats, 1,561 scans were classified as normal types 
(blue circles) and 225 axial scans were classified as abnormal types (blue crosses). The majority 
of scans from the normal rats were classified as a normal thin TM. From 1,597 axial scans from 
infected rats, 167 axial scans were classified as normal types (red crosses) and 1,430 axial scans 
were classified as abnormal types (red circles) (Fig 3.9b). The majority of scans from the infected 
rats were classified as a TM with an established biofilm. The sensitivity and specificity of LCI 
 32 
with this classification algorithm for detecting the presence of a biofilm were 87% and 90%, 
respectively, using histological findings as the gold standard. 
 
Figure 3.9: Classification of LCI axial scans by thickness and intensity for ex vivo  OCT 
data. (a) Acquired ex  vivo  OCT, (b) classified ex vivo OCT data, red circles = infected rat, 
blue circles = normal rat , the cross symbols represent the misclassified axial scans. 
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Since the in vivo LCI data were acquired without video guidance, the sensitivity and 
specificity of in vivo LCI data classification were significantly lower (78% and 83%). Figure 3.10a 
and 3.10b indicate that a larger portion of data was acquired from periphery regions of the TMs 
in the normal rats and from the thin regions of the TM in the infected rat. These data increase 
the false positive and false negative cases and, hence, decrease the sensitivity and specificity. 
 
Figure 3.10: Classification of in vivo  LCI data by thickness and intensity. (a) Acquired in 
vivo LCI data, (b) classified in vivo  LCI data, red circles = infected rat, blue cir cles = 
normal rat, the cross symbols represent the misclassified axial scans . 
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3.5 Discussion 
An enhanced otoscopy system has been constructed and demonstrated for collecting LCI and 
video otoscopy signals from a new rat middle ear biofilm model. This portable system has an 
LCI depth resolution of ~4.5 µm and an imaging depth range of ~ 2 mm. It is appropriate for 
readily accessing the TM and detecting the presence of a biofilm on the inner surface of the TM, 
as well as the presence of any middle ear effusion (fluid). The observable differences between 
the LCI signals from normal and infected rat TMs demonstrate the capability and sensitivity for 
detecting middle ear biofilms. These new data offer the potential for more accurately classifying 
OM status. 
Since the rat TM and middle ear structures are similar to those in the human ear (with 
human structures being larger in scale), the positive results from this pre-clinical animal study 
demonstrate the potential use of this enhanced otoscopy system for research and clinical use for 
the diagnosis, quantification, and monitoring of human OM. In the current system, axial scans 
are collected continuously in time and randomly in space, guided by both real-time video 
otoscopy and real-time LCI data collection. The collection of a large number of axial scans is 
sufficient to adequately sample the TM regions and classify the scans. Further miniaturization 
and use of micro-electro-mechanical-systems (MEMS)-based scanners would enable the rapid 
acquisition of 2-D and 3-D OCT images, but at increased equipment cost, equipment 
complexity, and computational processing and analysis time. 
In addition to the novelty of this enhanced otoscopy system and technique, this study 
represents the first demonstration of biofilm induction and growth by nostral inoculation and 
pressurization in rats. Typically, OM is induced via puncture of the TM, and only recently has 
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been induced via nostril inoculation. At the time this rat model was developed for this study, 
there had been no such animal model for inducing and growing biofilms via nostril inoculation.  
Though our rat model was suitable for inducing OM and a biofilm, several challenges and 
limitations of this rat model were identified, especially for in vivo video otoscopy, LCI data 
collection, and OCT imaging. First, the immune system of these rats proved to be robust against 
OM. Though OM infections were frequently observed for one to two days after each 
inoculation, the infection appeared to be readily cleared, despite being regularly inoculated bi-
weekly. Seven of eight inoculated rats did not show biofilms despite a long inoculation period 
and recurrent infections. However, it should be noted that this pattern of infection and clearance 
is not completely unlike the process in humans, which is believed to lead to the formation of 
biofilms. Second, the rat ear canal is very narrow, prompting the development of long working 
distance probes, and frequently out-of-focus video otoscopy images, resulting in limited video 
guidance to TM locations.  
The noted limitations of out-of-focus video otoscopy and reduced visual guidance of LCI 
beam placement experienced during this animal study are likely to be fully resolved during 
studies in humans. Since the standard otoscope and specula used in this study were designed for 
use in the human ear, which is much larger than the rat ear, even for pediatric patients, the LCI 
otoscope will have both video images and the LCI probe in focus. Real-time video otoscopy as 
well as the real-time LCI data acquisition will be used to guide the LCI probe beam to areas of 
interest across the TM. The real-time guidance will not only lead to the collection of an adequate 
quantity of axial scans but will also improve the efficiency of the classification by guiding the 
probe to acquire LCI data in the most suspicious areas that can be observed by the video. 
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The classification algorithm developed during this research has proved to be highly effective 
at classifying LCI data from normal and infected TMs. The results of 86% sensitivity and 90% 
specificity, compared to histological findings, are higher than those for diagnosing chronic OM 
using standard otoscopy (74% and 60%, respectively). Other currently available diagnostic 
methods such as pneumatic otoscopy and tympanometry can yield slightly higher sensitivities 
and specificities (70% to 90%) compared to standard otoscopy, but these methods depend 
heavily on patient cooperation (15). This classification algorithm is expected to achieve the same 
or better sensitivity and specificity for in vivo human LCI data, compared to what was achieved in 
this study for rat LCI data classification. Thousands of LCI axial-scan data will be used for 
classification from each scan session. Directing the LCI probe to the areas on the TM that  are 
highly suspicious under otoscopy observations will also yield an expected improvement in 
sensitivity and specificity because fewer scans will be collected from regions that would not 
contain biofilms, such as over the malleus or from the epithelial tissue regions at the periphery 
of the TM. Since video otoscopy images are captured simultaneously with the LCI depth-scan 
data, and since the location of the LCI beam on the TM can be visualized in the video images, it 
is possible to use computer image processing methods to automatically determine which LCI 
scans were not from the TM, and discard this data prior to classification. 
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CHAPTER 4    IN VIVO OPTICAL DETECTION OF 
BIOFILM IN THE HUMAN MIDDLE EAR 
4.1 Adult subjects 
In this chapter our middle ear imaging study focused in the detection of biofilm in chronic OMs. 
The study involved adults with chronic OM, which is generally accepted as a biofilm-related 
disease. Though OM is generally considered a childhood disease, adults account for almost 20% 
of the annual doctor visits for OM (41).  
A total of 20 human subjects were recruited for this study, under IRB protocols approved by 
both the University of Illinois at Urbana-Champaign and Carle Foundation Hospital, Urbana, IL 
(Table 4.1 on page 43). Of these 20 subjects, 4 were normal volunteers, and 16 were patients 
being evaluated and/or treated for chronic OM. Our LCI-otoscopy system was used on 11 
subjects, and our OCT-otoscopy system was used on 9 subjects. The LCI/OCT systems were 
located within the outpatient exam rooms in the Otology Clinic at Carle Foundation Hospital, 
and data acquisition was performed for approximately 5-10 minutes immediately after the 
standard patient exam. 
4.2  Results in adult subjects 
Representative LCI and OCT data is presented in Figures 4.1-4.3. Approximately 18,537 LCI 
scans and approximately 742 OCT images were acquired from each subject, depending on which 
system was used and the duration of the imaging session. Each OCT image also provided LCI 
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data for classification and analysis, as each OCT image was comprised of 1,000 adjacent but 
spatially separated LCI scans.  
4.2.1 LCI/OCT of normal ears 
The TMs of the normal human ears appeared translucent to opaque under video otoscopy (Fig. 
4.1a). In a typical LCI scan from a normal ear (Table 4.1, V1) (Fig. 4.1b), the TM was readily 
identified by two sharp peaks, which were ~ 95 µm apart, and consistent with the average 
thickness of the human TM (100 µm) (39).  
 
Figure 4.1:  Normal ear.  (a) Video otoscope image of the TM from a normal human ear. 
(b) Typical LCI depth-scan and (c) cross-sectional OCT image of the TM. Based on the 
scattering properties of the TM, a thickness of ~ 95 µm was measured, which was 
consistent with the average thickness (100 µm) of the adult human TM. (d) Classification 
of the LCI scans from this normal ear resulted i n 98% normal scans and 2% abnormal 
scans. The circles represent LCI scans from a normal ear in terms of thickness and 
intensity. Blue and red circles represent the scans classified as normal or abnormal, 
respectively. Scale bar in (c) represents 100 µm.  
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The classification of LCI scans from this normal ear resulted in 98% (n=789) normal scans 
and 2% (n=18) abnormal scans. The abnormal scans were likely mis-classified because they were 
acquired from peripheral locations or where the malleus was attached to the TM. The OCT 
image of this normal TM (Fig. 4.1c) shows a region near the periphery where the TM is 
significantly thicker, compared to the region toward the center of the TM. 
4.2.2 LCI/OCT data of ears with biofilms  
The majority of the patients in this study with chronic OM presented to their physician with 
symptoms of hearing loss and were also found to have a middle ear effusion by standard 
otoscopy or tympanometry.  Under video otoscopy, the TMs appeared red, cloudy, or retracted. 
These patients were assessed with LCI/OCT and in many cases, a high percentage of LCI data 
were classified as abnormal, and the OCT images revealed the presence of a biofilm attached to 
a major portion of the TM.  In these ears, the biofilms were typically thick and highly scattering. 
As a representative example, data from a patient with chronic OM and a well-developed biofilm 
(Table 4.1, Pt6) is shown in Figure 4.2. The video otoscopy image of this TM appears cloudy 
(Fig. 4.2a) and the physician diagnosed this as OM with persistent effusion. Both LCI scans and 
OCT images demonstrated the presence of a thick biofilm (200 µm average thickness) behind 
the TM (Fig. 4.2b,c). The spatial extent of this biofilm colonization across the TM also proved 
to be large. In the OCT images, the biofilm structure was present along the entire transverse 
scan. Following LCI signal classification for this data, 87% (n=303) of the scans were abnormal 
and 13% (n=40) were normal (Fig. 4.2d), indicating a high probability for the presence of a large 
biofilm. 
 40 
 
Figure 4.2:  Chronic middle-ear infection with well -developed biofilm. (a) Video otoscopy 
image showing a less translucent TM. (b) Typical LCI depth -scan showing evidence of a 
thick (~200 µm average thickness) biofilm behind the TM. (c) Cross -sectional OCT image 
showing lateral spatial extent of biofilm. (d) Classification results of the LCI scans 
demonstrating that 87% of acquired LCI scans were classified into abnormal. The crosses 
represent LCI scans from an abnormal ear in terms of thickness and intens ity. Blue and 
red crosses represent the scans classified as normal or abnormal, respectively. Scale bar in 
(c) represents 100 µm. 
However, in other cases, more spatially localized regions of biofilm on the TM were detected 
by LCI/OCT. In these ears, the bacterial biofilms only partially covered the TM in a sparse 
geographic pattern. The percentages of abnormal LCI scans from these ears were still significant, 
but the structure and scattering properties of these biofilms were less prominent than for a more 
developed biofilm. These biofilms were likely at an earlier stage of development. The results 
from a patient with chronic OM and an early-stage biofilm (Table 4.1, Pt16) are shown in Figure 
4.3. On video otoscopic exam, the patient was diagnosed with OM with effusion (Fig. 4.3a). 
Structure representative of a thin and low-scattering biofilm is shown in both the LCI scan and 
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the OCT image (Fig. 4.3b,c). The classification algorithm output from the LCI scans of this ear 
resulted in 43% (n=144) normal and 57% (n=188) abnormal scans. In the OCT image (Fig. 
4.3c), only the right portion of the TM has obvious evidence of a biofilm. Based on all the OCT 
images acquired across the TM, the sparse geographic distribution of the adherent biofilm on 
the TM explains the lower percentage of classified abnormal scans. 
 
Figure 4.3:  Chronic middle-ear infection with early-developed biofilm. (a) Video 
otoscopy image showing a cloudy TM. (b) Typical LCI depth -scan showing evidence of a 
thin, low-scattering biofilm behind the TM. (c) Cross-sectional OCT image showing a 
thinner and more spatially localized biofilm. (d) Classification results of the LCI scans 
from this TM demonstrating 57% abnormal scans. Blue and red crosses represent the 
scans classified as normal or abnormal, r espectively. The relatively low number of 
classified abnormal scans in this infected ear is due to the geographic pattern of 
developing biofilm across the TM. Scale bar in (c) represents 100 µm.  
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4.2.3 Study summary  
A total of 13 patients with middle ear pathologies related to OM and 7 patients with normal ears 
were studied by our methods. The LCI/OCT data collected from the 7 normal ears resulted in 
89-100% of the scans being classified as normal. In the first round of clinical studies (Table 4.1, 
left), we focused on patients with a diagnosis of chronic OM, thus providing a greater 
probability for the presence of a biofilm. LCI data from 7 patients with a diagnosis of chronic 
OM were acquired and then classified. The classification results showed that all these patients 
had a high percentage of abnormal scans, with 6 out of 7 patients having a percentage of 
abnormal scans greater than 50%. These results also showed a strong correlation to the clinical 
findings. All of these patients were clinically found to have fluid or an effusion present. The 
patient Pt7 (Table 4.1) was clinically diagnosed with no OM, but previously had an effusion and 
a tympanostomy tube placed, and was being evaluated for tube dysfunction and hearing loss. 
With 37% abnormal LCI scans, it was suggestive that a residual biofilm and/or effusion still 
remained after the surgery.  
In the second round, both LCI and OCT systems were used to collect data from patients. 
Different otological pathologies were targeted to further evaluate the performance of the 
classification algorithm and to provide additional comparisons to the physician. In order to 
validate the classification algorithm, three typical OCT images from different locations of each 
patient were used to extract axial scans. These axial scans were then classified using the 
algorithm developed for the LCI scans. The percentages of abnormal scans of these extracted 
axial scans from each patient were also provided in the OCT data of Table 4.1. A total of 9 
patients were imaged with the LCI and/or OCT systems in this round. Three patients (Pt8, Pt10, 
and Pt11) had normal TMs and 4 patients (Pt9, Pt12, Pt13, Pt15, and Pt16) had fluid that was 
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well-correlated with the LCI/OCT data. Patient Pt14 clinically exhibited a dull and thick TM and 
was diagnosed as having no infection, though the LCI/OCT data showed a large percentage of 
abnormal scans. The LCI/OCT data from this ear revealed an irregular biofilm/effusion 
structure that completely adhered to the TM, which would explain the clinical observations of a 
thick and dull TM. 
Table 4.1: Summary of clinical LCI/OCT study.  Data was collected from 20 TMs from 20 
human subjects (16 patients (Pt#) with clinical history of middle-ear infection and 4 healthy 
volunteer (V#) controls). Under the LCI and OCT data columns, a classified diagnosis is listed 
as either negative (N) or positive (P) for a biofilm based on the total number of LCI scans (n) 
and the percent that were classified as abnormal (A%). Notes from the clinical record based on 
physician otoscopic exam observations are also listed. NA: data Not Available. 
 
All 7 of the clinically normal ears resulted in small percentage of abnormal LCI scans 
(<11%), while 6 of them had this percentage lower than 5%. All of the 13 patients with chronic 
middle ear pathologies resulted in abnormal LCI or OCT data which were demonstrated by the 
large percentage of abnormal LCI scans or abnormal LCI scans extracted from OCT images 
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(>37%). LCI data from 11 out of 12 (92%) patients with clinically diagnosed chronic OM 
consisted of more than 50% abnormal LCI scans. Considering the relatively low percentage of 
abnormal LCI scans from normal ears, we set >25% abnormal LCI scans as the threshold for 
defining a patient with biofilm using LCI/OCT data. 
4.3 Discussion 
In general, an early developing biofilm is characterized by additional thin, low-scattering 
structures between the TM, while a well-developed biofilm is characterized by thicker, high-
scattering structures behind the TM. Based on our clinical study, the percentage of abnormal 
LCI scans greater than 25% is considered evidence for the presence of a biofilm, while the 
percentage of abnormal LCI scans greater than 70% is considered evidence for the presence of a 
well-developed biofilm. This percentage range of abnormal LCI scans suggests the potential for 
non-invasively monitoring both the temporal and spatial development of biofilms within the 
middle ear.  
The OCT images and the classification results from the algorithm developed and 
implemented for the LCI data showed good agreement with clinical patient records and 
observations. From the study, data from all 13 chronic OM patients showed the evidence of 
biofilms while data from all 7 normal patients did not. This result agrees with the prior invasive 
study that directly detected the presence of biofilms in 46 out of 52 patients with chronic OM 
using surgically removed middle ear mucosal specimens that were cultured, stained, and 
observed by confocal laser scanning (9). It is important to note that our study was implemented 
using non-invasive LCI/OCT, which is additionally able to longitudinally monitor dynamics 
changes in middle ear biofilms. Our data also suggests the pathogenic process of biofilm 
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formation and regression in the human middle ear, which occurs with regional geographic 
distributions, rather than a more uniform thin film that thickens over time. If we examine the 
classification of the LCI scans, we find that from a total of 18,537 LCI scans from 20 ears, we 
obtain a sensitivity of 68% and a specificity of 98% for identifying the presence of a biofilm, 
using clinical otoscopic observations and physical examination as the gold standard. The low 
sensitivity is explained by the relatively low percentage of abnormal scans in cases with evidence 
of an early-developed biofilm. If we only consider the cases where there was evidence of a well-
developed biofilm, in which the percentage of abnormal scans was higher than 70%, the 
sensitivity and specificity become 83% and 98%. This demonstrates that LCI/OCT can readily 
identify normal middle ears without biofilms, and also detect well-developed biofilms with high 
accuracy compared to current diagnostic methods which offer sensitivities and specificities of 
70-90% (15).  
In terms of technical design, both LCI and OCT demonstrate the capability to non-
invasively access bacterial biofilms in the middle ear. These portable systems provide a depth 
resolution of ~ 4.5 µm, and an imaging depth range of ~ 2 mm. Therefore, LCI/OCT is capable 
of accessing the TM and possible biofilms, as well as any effusion in the middle ear. The LCI-
otoscopy system is lower in cost and simpler in design without the transverse 2-D or 3-D 
scanning mechanism. This system provides depth-dependent optical scattering information that 
is sampled at various locations across the TM, depending on where the beam is directed. While 
an OCT-otoscopy system is more complex with the addition of a pair of galvanometer-mounted 
mirror scanners for 2-D and 3-D OCT imaging, the OCT images provide a more visual 
representation of the biofilm structure that may be present. The classification algorithm can be 
applied to data from either system, either the individual LCI scans, or the LCI data extracted 
from the OCT images. Two different center wavelengths (830 nm for OCT-otoscopy and 940 
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nm for LCI-otoscopy) were also used in this study. Despite the slight differences in axial 
resolution and penetration depth, these two center wavelengths are both usable for coherent 
optical ranging and middle ear diagnostics.  
In a previous study using a rat animal model of middle ear biofilms (42), LCI scan locations 
were poorly guided by the video otoscopic images because of the narrow ear canal in this model, 
and OCT images of the TM were subsequently collected ex vivo. These limitations were resolved 
in this study with the larger human ear canals that allowed greater access and video image 
focusing, and permitted the LCI/OCT data to be non-invasively acquired in vivo, guided by high 
quality video otoscopy.  However, in some cases, it was difficult to acquire LCI/OCT data with 
adequate signal-to-noise ratio when the LCI/OCT beam focus could not reach the TM because 
of a long or tortuous ear canal. Further improvements in the LCI/OCT probe, such as an 
adjustable working distance and a handle with an angled head, are considered to overcome this 
limitation in a future study. Further, this initial study was limited to adult patients presenting 
with a wide range of medical histories of chronic OM. A future study will target the pediatric 
population of patients with acute and chronic OM. Because pediatric patients are frequently less 
tolerant of ear exams, especially in the presence of an ear infection, we expect a shorter period of 
time available to collect LCI/OCT data. Normal TMs in children are also thinner than in adults. 
Therefore, the successful use of LCI/OCT in children will likely require slight modifications to 
the systems including faster acquisition rates and accurate alignment of the LCI/OCT beam 
focus with the video otoscope focus.  
In these measurements, the thicknesses of the TM and biofilm were calculated based on the 
axial resolution calibration. It was assumed that the TM and biofilm had the same refractive 
index of 1.4, which is the average refractive index of human tissue. Though the thickness of the 
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TM has been widely studied, to our knowledge there has been no specific research regarding the 
refractive index of the TM. Intuitively, the refractive indices of normal TMs and infected TMs 
may differ. The refractive index of a middle ear biofilm or an effusion is also expected to be 
different from that of the TM. In addition, the refractive indices will likely vary for different 
cases of biofilm and OM. The measured refractive index for the TM and middle ear 
biofilm/fluid may lead to slight changes in the calculated thickness. Since the OCT intensity 
signal strongly depends on variations of the refractive index in tissue, these measured refractive 
indices would also help to improve our understanding of the high or low scattering properties of 
TMs, biofilms, and fluid for different pathologies. Different methods have been developed to 
measure the refractive index of tissues using LCI/OCT (43-45). Applying these techniques to 
measure the refractive index of normal TMs, infected TMs, and middle ear biofilm/fluid would 
aid in the interpretation of LCI/OCT data for the middle ear. 
Based on these initial results for detecting biofilms, ongoing studies are being conducted to 
differentiate bacterial species based on biofilm architecture, and to distinguish bacterial biofilms 
from turbid optically scattering effusions. Because this study suggests the potential for using 
LCI/OCT to monitor biofilm growth and regression dynamics, it will be possible to track 
patients with repeated acute OM progressing to chronic OM, pre- and post-antibiotic treatment, 
and pre- and post-tympanostomy tube placement. Longitudinal LCI/OCT data from a variety of 
clinical ear pathologies is expected to provide not only a useful monitoring method for possible 
improvements in patient management, but also a medical research tool to better understand the 
fundamental processes of biofilms and how they contribute to middle ear diseases. 
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CHAPTER 5    CLINICAL STUDY ON PEDIATRIC 
PATIENTS 
5.1 Pediatric subjects 
This chapter describes a study on detecting bacterial biofilm in pediatric patients with chronic 
OMs. This study also involved more patients with acute OM, as well as pre- and post-surgery. 
Three-fourths of children under the age of three experience OM. These children start with acute 
OM which is recognized by acute inflammation. The acute OM is treated with antibiotics and 
usually no surgery. When the acute OM turns into chronic OM which is recurrent OM or OM 
with fluid, it often requires surgical treatment (tube insertion surgery or tympanostomy tube 
surgery) (1). It is expected that bacterial biofilm will be observed in the middle ears with chronic 
OM, and that ears with acute OM may not have biofilm but thickened TMs caused by the ear 
inflammation. It is also questioned whether antibiotics or surgical treatments can remove the 
bacterial biofilm in the middle ear. 
Seventeen pediatric subjects were studied under IRB protocols approved by both the 
University of Illinois at Urbana-Champaign and Carle Foundation Hospital, Urbana, IL (Table 
5.1). Of these 17 subjects, 2 were volunteers with normal middle ears, 7 were pediatric patients 
studied in the outpatient exam room (Expand Children Hearing Opportunities (ECHO), Carle 
Foundation Hospital), and 8 were pediatric patients studied in the operating room (Surgi Center, 
Carle Foundation Hospital). Exam room patients were diagnosed with acute OM, chronic OM 
with fluid, or were undergoing post-operation check-ups. Operating room patients had been 
diagnosed with chronic OM with effusions, and were being prepared for tube insertion surgery 
 49 
(tympanostomy). The OCT data were collected when the patients were anesthetized and 
immediately before the surgical procedures.  
The OCT data in this study were correlated with the physician’s otoscopy examination in the 
exam room or the physician’s findings during the surgical procedure. The use of the OCT-
otoscope system in the operating room was also intended to be used in correlation studies, 
where image data could be collected, and middle-ear fluid could be obtained during surgery and 
later cultured to confirm the presence or absence of bacteria, and the species of bacteria present.  
5.2 Results from OCT data of pediatric subjects 
Out of 17 subjects, three normal ears were studied from two volunteers without ear pathologies 
and one patient undergoing tonsil surgery (V1, V2, Pt8). The OCT data from all three subjects 
confirmed normal TMs (no biofilm/fluid) and agreed with the subjects’ clinical history (Table 
5.1). Similar to adult TMs, the normal TMs in pediatric ears are identified in the OCT images by 
a scattering layer, defined by two sharp higher-scattering edges. In children, the normal TM 
thickness (80-90 µm) is slightly less than that of adults (~100 µm). An example OCT image of a 
5 year old child’s normal TM is shown in Figure 5.1.        
 
Figure 5.1: OCT image of a normal TM from a child of age 5. 
 50 
Table 5.1: Summary of LCI/OCT study on children . 
 
Nine patients with the diagnosis of chronic OM were studied (Pt1, Pt3, Pt6, Pt9-14) (Table 
5.1). The OCT data of all these patients agreed with the physician’s otoscopy examination or 
surgical findings, except in the case of patient Pt9, where OCT images show a normal TM while 
the physician observed thin fluid in the middle ear (Fig. 5.2.h). The OCT images of the other 
patients showed evidence of biofilm in the middle ear (Fig. 5.2 a-g). The red arrows indicate the 
biofilms present behind the TMs. In some cases the biofilms appears thin and low scattering 
(Fig. 5.2a,c,f) while in other cases the biofilm appears thicker (Fig. 5.2b), highly scattering (Fig. 
5.2b,e), or broader in the transverse scans (Fig. 5.2b,d). 
The OCT images of the two patients with acute OM indicated somewhat abnormal TMs 
(Pt2, Pt7) (Table 5.1). These data showed relatively high scattering TMs compared to the 
observed normal TMs (Fig. 5.3a,b). Though there is no indication of biofilm or fluid behind 
these TMs, one of them (Fig. 5.3b) appears very thick (about 260 µm).  
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Figure 5.2: OCT images of pediatric ears diagnosed with chronic OM with effusions. TMs 
with biofilms were shown in cases (a)-(g), normal TM was shown in case (h). The red 
arrows indicate the biofilm colonization. The scale bar applies to all images. 
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Figure 5.3: OCT images of the two TMs from pediatric patients with clinically-diagnosed 
acute OM. (a) High scattering and/or (b) thi cken TMs were observed. The scale bar 
applies to both images. 
 
Figure 5.4: OCT images of two TMs from pediatric patients with a history of tube 
insertion surgery. (a) A scar in the TM, without indications of biofilm. (b) TM with 
extensive and thick biofilm. 
Two subjects with a history of tube insertion surgery were studied in post-operative visits (Pt4, 
Pt5) (Table 5.1). One TM imaged 4 weeks after surgery (Pt5) showed a scar but no biofilm or 
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fluid (Fig. 5.4a). The other TM was imaged 2 years after surgery (Pt4) and showed a very thick 
and highly scattering biofilm attached to the TM (Fig. 5.4b). 
5.3 Required number of patients for clinical trial 
With the ongoing clinical data collection, it is important to determine how many patients should 
be studied to statistically validate the use of LCI/OCT for detecting bacterial biofilms in chronic 
OM. Currently, 20 adult patients and 17 pediatric patients have been studied to detect bacterial 
biofilm in chronic OM. The required number of patients for a clinical trial is determined by 
three important parameters: minimum expected difference, statistical power, and significance 
criterion (46). The minimum expected difference is the accuracy difference between the 
LCI/OCT otoscopy method and the standard diagnostic method (70-90%). LCI/OCT is 
expected to obtain a diagnostic accuracy of 90%. Therefore, the minimum expected difference 
for this study is set to 10%. The statistical power and significance criterion are set to 0.9 and 
0.05, which correspond to the commonly desired sensitivity of 0.9 and specificity of 0.95 for 
clinical diagnostic tests.  
The required number of studied patients can be determined by 
   
(     √ (   )      √  (    )    (    ))
 
  
 
where p1 =0.80 and p2 = 0.90 are the estimated probabilities of detecting chronic OM using the 
standard diagnostic method and the LCI/OCT otoscopy method, respectively. The values zpwr = 
1.282 and zcrit = 1.960 are the standard normal deviations which correspond to a statistical power 
of 0.9 and a significance criterion of 0.05. The minimum expected difference is D = |p1-p2| and 
the value for p = (p1+p2)/2. The calculated required number of patients from Eq. (5.1) is 
(5.1) 
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therefore 359. A future clinical trial will target this requirement to ensure the statistical validation 
of LCI/OCT otoscopy compared to standard diagnostic methods.  
5.4 Discussion 
The OCT data of the middle ears from the pediatric patients demonstrated an agreement with 
the patients’ clinical findings. Since most of the patients with biofilm/fluid were studied in the 
operating room and immediately before the surgical procedures, the diagnosis was confirmed by 
the surgeon.  
Bacterial biofilms were detected in 8 out of 9 patients who were diagnosed as having chronic 
OM with fluid. In the case of thin fluid, the OCT of the TM appeared normal, and this may 
suggest that there was an ear effusion without infection or bacterial biofilm. It was also possible 
that the imaging session did not reach the area of the TM associated with the thin fluid at the 
bottom of the middle ear cavity.  
No biofilm or fluid was observed in the ears without pathologies, or in the ears with acute 
OM. However, more highly scattering and thickened TMs were shown in the patients with acute 
OM. This can be explained by the presence of inflammation in the ear, which causes the TM to 
thicken or induce changes in the refractive index characteristic of the TM (47). Data from post-
operation patients also suggest the need for a longitudinal study on the presence of biofilm in 
this patient group. Bacterial biofilms may still persist after tube insertion surgery. Though 
biofilm is considered to be resistant to antibiotics, this study has not included an investigation of 
biofilm responses to antibiotic treatments. Further OCT studies of patients with acute OM, pre- 
and post-operation, and with antibiotic treatment will provide a more comprehensive assessment 
of the dynamics and structure of bacterial biofilm related to middle ear infection.     
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The same hand-held OCT probe with a working distance of 15 mm, which was used for the 
study of adult ears, was demonstrated to be suitable for collecting OCT data in children. For 
children with small ear canals, a smaller ear speculum of 2.7 mm diameter may be used for an 
easier approach to the TMs. Imaging time for each session, including finding focus and acquiring 
data, was about 1-2 minutes, which was reasonable for children. Some imaging sessions may 
encounter greater difficulty for finding the focus with young children who are fussy or 
uncomfortable and are unable to remain still for the exam. 
This study demonstrated the capability of using OCT imaging on pediatric patients with 
different middle ear pathologies. The use of OCT to non-invasively assess the middle ear for the 
presence of bacterial biofilms is a novel diagnostic tool and a method that can subsequently be 
advanced for the clinical diagnosis and management of middle ear infections. 
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CHAPTER 6    POLES AND ZEROS REPRESENTATION OF 
MIDDLE EAR ACOUSTIC MEASUREMENTS 
6.1 Overview 
Acoustic reflectance has become a powerful measurement to quantify the acoustic characteristics 
of the middle ear. Many researchers have developed methods for measuring the acoustic 
impedance and reflectance of the middle ear which are now increasingly used in clinical 
applications (23-26). Such systems measure the complex acoustic pressure in the ear canal, 
including magnitude and phase as a function of frequency. The most widely used quantity 
derived from this measurement is the acoustic reflectance, which is the ratio of the backward 
propagating pressure wave to the forward propagating pressure wave at the measurement 
location in the ear canal. The squared magnitude of the acoustic reflectance |Γ|2 represents the 
amount of acoustic power reflected back to the ear canal from the tympanic membrane. The 
phase of the acoustic reflectance represents the latency of this reflected power. The measured 
acoustic reflectance in both magnitude and phase as a function of frequency is closely related to 
hearing sensitivity and therefore is more relevant to the clinical assessment of the middle ear. 
Unlike impedance, the magnitude of the acoustic reflectance is not affected by probe insertion 
depth. Thus it is possible to compare magnitude reflectance across ears in order to differentiate 
middle ear pathologies from normal ears. The acoustic power absorbance 1-|Γ|2 can be thought 
of as a transfer function for the middle ear, playing a large role in hearing sensitivity across 
frequency. It is important to consider both the complex acoustic impedance and reflectance for 
further clinical and physical interpretation of middle ears (27-30). 
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Our further understanding of sound propagation in the middle ear is critical to the study of 
the middle ear and inner ear, and can have an important impact on the diagnosis of hearing loss. 
Various middle ear models have been derived to help diagnose and interpret the roles of middle 
ear infection and pathology. Many of these models use electrical circuit analogues to mechanical 
elements in order to represent the functional components of the middle ear (32, 33, 48, 49). A 
time domain wave model of the tympanic membrane was also designed based on acoustic 
transmission (34). Current middle ear models have demonstrated the acoustic mechanism and 
characterization of normal middle ears and have characterized common middle ear pathologies 
in terms of physical parameters.  
There exists, however, a weak link between models and measurements of the middle ear. In 
current network modeling methods, circuit element blocks are derived based on acoustic 
characteristic of the middle ear, such that the models are in agreement with measurements in 
normal and pathological ears. Acoustic measurements do not actively contribute to the modeling 
process but function primarily as validation for the modeling result. 
Rational approximation methods have been used widely to fit poles and zeros to complex 
data in the frequency domain (50, 51). Rational approximation via vector fitting provides high 
accuracy fits and is now available in Matlab. From the rational function fit to data in the 
frequency domain, the poles and zeros of the data can easily be calculated. These poles and zeros 
then can be analyzed to determine physical acoustic characteristics and can be used to synthesize 
network models of the middle ear (52).  
In this work, the application of rational approximation to acoustic measurements of the 
middle ear is studied. A pole-zero fit is calculated for acoustic reflectance and impedance data 
using the rational approximation method. Such fits are performed on acoustic measurements of 
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normal and pathological middle ears, as well as acoustic reflectance of current middle ear 
models. Results of the fitting procedure are evaluated and their utility for modeling and 
diagnosis is discussed. 
6.2  Methods 
The acoustic reflectance data considered in this study consist of complex, broadband 
measurements taken over the frequency range of 0.2-6 kHz for 10 normal and 3 pathological 
ears, using the MEPA3 instrument made by Mimosa Acoustics (Champaign, IL). Data was 
acquired under a study protocol approved by the Institutional Review Boards at Carle 
Foundation Hospital, Urbana, IL, and the University of Illinois at Urbana-Champaign. The 
MEPA system includes a low-distortion sound source connected to a uniform diameter tube 
through a matching acoustic resistor which is used to maximize the transmitted power. A 
transducer with a single microphone is placed at the end of the tube to measure the pressure 
response of the load. The sound source is calibrated using a set of cavities of varying lengths, 
with diameters matched to the average ear canal diameter. Measurements made from the 
calibration cavities are used to calculate the Thévenin equivalent parameters for the sound 
source, allowing for simple measurement of the impedance at the probe tip location in the ear 
canal (31). In this work, we consider the complex acoustic reflectance and impedance. 
These acoustic measurements are represented by poles and zeros using a rational approximation 
method. The Matlab function rationalfit.m in the RF toolbox is utilized for this fitting 
implementation. Data in the frequency domain is fitted to a residue expansion as in Equation 
(6.1).  
 𝐹(𝑠)   
𝐶𝑖
𝑠  𝐴𝑖
 𝐷
𝑁
𝑖= 
    𝑠  𝜎  j  
(6.1) 
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The approximation algorithm is based on the iterative update of the poles by the zeros of a 
function (s), where 
 
 
 
 
 
Given the starting poles of Ai, the residues Ci can be calculated from the data set F(s). The 
residues of (s) are also defined so that Equation (6.3) is satisfied. Since function F(s) is 
interpreted as a fraction of (s)F(s)/(s), then the new poles Ai of the function F(s) are updated 
by the zeros of (s) calculated from Equation (6.3). The function (s) is forced to approach 
unity by iterations and provides the rational approximation of F(s), as desired in Equation (6.1).  
From the rational approximation result, the poles of the acoustic data are present in the 
residue expansion, and the zeros of the acoustic data are directly determined from the roots of 
 
 
 
The pole/zero map is then considered as a representation for the acoustic measurements. 
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Perhaps the most important issue for pole-zero fitting using this method is determining the best 
way to fit the acoustic measurements. Some considerations include the selection of measurement 
domain (impedance or reflectance), allowing the constant D to be zero or nonzero, ear canal 
delay extraction, and selecting the pole-zero order of the fit. Note that the measured acoustic 
reflectance Γ(s) and acoustic impedance Z(s) are related and can be transformed using Equation 
(6.5). The MEPA instrument normalizes the impedance such that z0 is 1.  
 
Because Z(s) is theoretically a positive real function (53, 54), if z0 is real, all the coefficients 
of Γ(s) are real; therefore, all the poles and zeros of Z and Γ are on the real axis or have 
conjugated pairs. The zeros can be anywhere in the reflectance domain, but are only in the left 
half of the complex plane in the impedance domain to maintain the positive real condition of 
impedance (53, 54). The rational approximation enforces stability such that all the poles are on 
the left-hand side of the complex plane, but does not specifically enforce positive real conditions 
for impedance. Additionally, a fit to the data in one domain may actually be unstable in the other 
domain, depending on the results of the mobius transform in Equation (6.5). However, low 
error fits to low noise data typically have the expected pole-zero properties in both domains. 
The acoustic data can be analyzed by the fitting either in the reflectance domain or in the 
impedance domain. The pole-zero fit in the other domain is then determined from the 
transformation in Equation (6.5). The pros and cons of fitting in each domain are explored. 
Additionally, the rational fitting algorithm allows the constant D to be forced to zero, which is 
the appropriate behavior for some physical responses. The effect of constant D on fitting in the 
reflectance and impedance domains, and its meaning in each domain, is explored. Also, removal 
of delay from the reflectance data is considered. This has meaning, because when the ear canal is 
𝛤(𝑠)  
𝑍(𝑠)  𝑧 
𝑍(𝑠)  𝑧 
 (6.5) 
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considered as a uniform, hard-walled tube it adds a pure delay factor ejωτ to the reflectance. 
Lastly, the complexity of the fitting function is considered. The most useful pole-zero fit is 
assumed to be the lowest order fit that approximates the data to an adequate fitting accuracy. 
Beyond some fit error, an increased order of poles and zeros provides insignificant decreases in 
error at the cost of higher complexity. All of the above parameters are considered based on the 
data-to-fitting-error ratio of the fitting result, in order to determine the optimized pole-zero 
representation.  
The pole-zero representation is first analyzed by exploring the sensitivity of the poles and 
zeros. The variation of the fitted data relative to the variation of each pole or zero demonstrates 
their sensitivity versus frequency. Characteristics of the measurements such as the pole-zero 
pairs that appear to correspond with individually varying minima and maxima in the 1 to 4 kHz 
region of the reflectance (55) are explored. The possibility that poles and zeros may have distinct 
pairing is considered. 
The pole-zero fitting method is demonstrated for acoustic measurements which were 
collected from normal ears and ears with pathologies. It is also applied to the acoustic 
reflectance of several middle ear models (32, 34). The results provide suggestions to improve 
these models. Further synthesis methods can be applied to transform the pole-zero 
representation into network models like the existing middle ear models. Ultimately, network 
models composed from the pole-zero fits could be used to draw physical meaning from the data. 
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6.3 Results 
6.3.1 Optimization of pole/zero fitting for middle ear acoustic measurements 
We examine the fitting results for acoustic measurements from ten normal ears, in both the 
reflectance and impedance domains (Fig. 6.1). The bars denote signal-to-error ratios (SER) in 
dB, the ratio of the data to the fit error (the difference between the data and the fit). Considering 
the figures, a higher SER indicates a better fit. The blue bars are the SERs from fitting with zero 
D and zero delay, the green bars are those for fitting with nonzero D but zero delay, and the red 
bars are those for fitting with nonzero D and nonzero delay. In general, the rational 
approximation has a better fitting quality in the reflectance domain (Γ(s)) than in the impedance 
domain (Z(s)). The average SER in the reflectance domain is 26.5 dB while that in the 
impedance domain is only 18 dB. The result demonstrates that in the impedance domain, the 
nonzero constant D significantly improves the fitting accuracy for most of the data (1-8dB). 
However the constant D has no significant impact on the fitting result in the reflectance domain. 
This is because if no delay is removed, the reflectance Γ(s) should asymptotically approach zero 
since it is multiplied by a delay term of the form e-sτ. Thus, for fits to the reflectance without 
removed delay, D is always approximately zero. If delay is removed from the reflectance, D will 
eventually become nonzero. Thus, the fit to reflectance with delay removed and nonzero D has 
the highest SERs.  Conversely, removing the delay has no improvement on fitting in the 
impedance domain because the effect of delay on the impedance is not a simple phase factor, 
due to the relationship in Equation (6.5). In fact, very little “delay” is removed from the 
impedance data by rationalfit.m, because there is no apparent group delay in the impedance 
phase. 
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Figure 6.1: (a) SER (data signal to fit error ratio) of Γ by fitting Γ and (b) SER of Z by 
fitting Z on acoustic reflectance/impedance data from 10 patients  with normal ears.  
 
 
Figure 6.2: The dependence of signal/fitting-error ratio on the number of poles for  
acoustic measurements of a normal ear with zero/nonzero constant D in (a) the 
reflectance domain and in (b) the impedance domain.  
The complexity of the fitted function is also an important parameter of the pole-zero 
representation. In general, higher order poles and zeros provide decreases in fit error at the cost 
of higher complexity. The dependence of fitting error on the number of poles on one sample of 
acoustic reflectance and impedance data is demonstrated in Figure 6.2. The signal-to-fitting error 
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of reflectance (Fig. 6.2a) and impedance (Fig. 6.2b) with zero D (blue curves) and nonzero D 
(red curves) are shown. For the reflectance data, at the order of 6 poles, the SER is 25 dB. The 
SER significantly increases as the order increases to 20 poles, then increases much less 
dramatically with increased order up to 62 poles. For the impedance data, the SER is about 30 
dB at the order of 14 poles, and only slightly improves for higher orders. The plots also show 
that a constant D has a minor effect on the SER of reflectance fitting, but improves impedance 
fitting by about 4 dB SER for any order. 
 
Figure 6.3: Sensitivity of poles and zeros. Black plots are the acoustic reflectance data and 
the red plots are the fitting data. The other plots are the fitting data with each pole or 
zero shifted to the left by 20% of its real coordinate. The green plots correspond to the 
pole/zero which has regional variation. The blue plots correspond to the pole/zero which 
has a broad variation. 
The sensitivity of the fits to their constituent poles and zeros are analyzed (Fig. 6.3). Generally, 
each pole or zero will have a major impact on the data in the neighborhood of its frequency. 
Figure 6.3 shows the sensitivity of the poles (Fig. 6.3a) and the zeros (Fig. 6.3b) from a sample 
of middle ear acoustic reflectance pole-zero fits. The measured reflectance is the black plot, the 
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original pole-zero fit is plotted in red, and the other plots show the variation in the fit caused by 
shifting each pole or zero to the left by 20% of its real coordinate. Green plots show the typical 
examples of variation of reflectance of the pole or zero, which is mostly in the neighborhood of 
the frequency of the pole or zero that was varied. However, there are poles or zeros that are 
sensitive to a broader frequency range or even act like scaling factors (blue plots). 
6.3.2  Pole-zero fitting for acoustic reflectance/impedance of the normal ear 
In general, the acoustic reflectance of a normal ear shows a high power reflectance for low and 
high frequencies, and lower power reflectance in the frequency range of 1-4 kHz (25). The pole-
zero fitting results in excellent fits to the acoustic data.  With the order of 8 (8 poles and 8 zeros) 
and zero constant D, the pole-zero fitting SER for fitting to reflectance data of ten normal ears 
is in the range of 25-34 dB, which means the approximation is very accurate (Fig. 6.1). An 
example of the pole-zero fitting result for an acoustic reflectance from a normal ear is 
demonstrated in Figure 6.4. The black plots are the magnitude (Fig. 6.4a) and phase (Fig. 6.4b) 
of the measured reflectance, and the red dotted plots are the magnitude and phase of the fitting 
data represented by the pole-zero plot with the order of 8 (Fig. 6.4c). The magnitude and phase 
of the reflectance are both well-fitted by the pole-zero representation. The poles and zeros of 
the reflectance locate in the neighborhood of the frequencies that contain the dramatic changes 
in the data (0 kHz, 1.1 kHz, 3 kHz, 3.8 kHz, 4.2 kHz). It is likely that each pole/zero pair is 
responsible for a peak in the magnitude of the data. The zero far in the left plane (7x104+j0) has 
a broad variation. The scale of the real part of this zero is much larger than that of other zeros, 
which has a dominating effect on the other zeros and explains its broad variation on the 
frequency axis.     
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The result also shows an accurate fit for the complex impedance (Fig 6.4d,e). The poles and 
zeros are distributed and interlaced along the imaginary axis (Fig. 6.4f).  
 
Figure 6.4: Pole-zero fitting of acoustic reflectance from a normal ear on (a) reflectance 
magnitude, (b) reflectance phase,  and (c) the pole-zero representation of reflectance. The 
black plots are the magnitude and phase of the measured reflectance, and the red dotted 
plots are the magnitude and phase of the fitting data represented by the pole -zero plot 
with the order of 8. The fitting results in the transformed impedance in (d) impedance 
magnitude, (e) impedance phase, and (f) the pole -zero plot represents the impedance.  
6.3.3 Pole-zero fitting for acoustic reflectance of current middle ear models 
The pole-zero approximation is also applied to the simulated acoustic reflectance of current 
middle ear models. Two models, by Zwislocki (1962) and Parent (2010), are selected for study. 
The result shows that the pole-zero representations fit well to the magnitude and phase of the 
acoustic reflectance of the Zwislocki middle ear model (Fig. 6.5a,b,c) and the Parent & Allen 
middle ear model (Fig. 6.5d,e,f).   
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Figure 6.5: Pole-zero fitting of acoustic reflectance of (a,b,c) the Zwislocki middle ear 
model and (d,e,f) the Parent & Allen midd le ear model. The black plots are the magnitude 
and phase of the measured reflectance, and the red dotted plots are the magnitude and 
phase of the fitting data represented by the pole -zero plot. The green dotted plots are the 
fitting data with an additional pole-zero pair (green pole, zero).  
The pole-zero map of order 10 (red crosses are poles and blue circles are zeros) fits accurately to 
the reflectance of the Allen middle ear model (Fig. 6.5d,e). It is shown that there exists no pole 
or zero in the mid-frequency range of 2-7 kHz (Fig. 6.5f). This explains the smooth curve of the 
reflectance and lack of flexibility in the mid-frequency range of the Allen model. As in other 
models, such as with Zwislocki (32) and Kringlebotn (33), a slight bump at about 2-3 kHz is 
present (Fig. 6.5a,b), which also agrees with many acoustic reflectance measurements of normal 
ears (Fig. 6.4). A pole-zero pair (green pole and green zero) at the mid-frequency is added to the 
pole-zero map of the reflectance of Allen middle ear model (Fig 6.5f). The resulting reflectance 
magnitude and phase (green plots) show a new bump at the frequency of 3 kHz, similar to the 
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reflectance of other models and measurements. The adjustment made by adding this pole-zero 
pair provides more flexibility for modeling the reflectance in the mid-frequency range. 
6.3.4 Pole-zero fitting of acoustic reflectance/impedance for an ear with otitis media 
with effusion (OME) 
 
Figure 6.6: Pole-zero fitting of acoustic reflectance for an ear with OME on (a) 
reflectance magnitude, (b) reflectance phase, and (c) the pole -zero representation of 
reflectance. The black plots are the magnitude and phase of the measured reflectance, and 
the red dotted plots are the magnitude and phase of the fitting data represented by the 
pole-zero plot with the order of 8. The fitting results in the transformed impedance in (d) 
impedance magnitude, (e) impedance phase, and ( f) the pole-zero plot representation of  
the impedance.  
Acoustic reflectance of the ears with OME often show an increased reflectance in the mid-
frequency range (1-4 kHz) (29,56,57). This increased reflectance is caused by the resistance of 
the middle ear effusion which absorbs the acoustic energy. An example of acoustic reflectance 
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from an ear with OME and its pole-zero fitting is shown in Fig. 6.6. The black plots are the 
magnitude (Fig. 6.6a) and phase (Fig. 6.6b) of the measured reflectance, a high reflectance in the 
frequency range of 1-2.5 kHz occurs in this data set. The red dotted plots are the magnitude and 
phase of the fitting data represented by the pole-zero plot with the order of 8 (Fig. 6.6c). The 
poles and zeros of the reflectance locate in the neighborhood of the frequencies that contain the 
dramatic changes in the data (0 kHz, 1 kHz, 3 kHz, and 4 kHz). The pole-zero pairs at 0 kHz, 3 
kHz, and 4 kHz are easily recognized. 
6.4 Discussion 
In this work, a new method for representing middle ear acoustic measurements was 
demonstrated. A pole-zero fit calculated by a rational approximation algorithm is used to 
represent the acoustic reflectance and impedance. Optimized parameters for representing the 
acoustic measurements are considered. The method is demonstrated on acoustic reflectance and 
impedance measurements from normal ears and those from current middle ear models. This 
method will provide a connection between acoustic measurements and middle ear models, and 
contribute to the understanding of middle ear function and pathology.  
Intuitively, the plots in Figure 6.2 should represent increasing curves. However, the curves 
are not smooth, due to the correction for unstable poles in the algorithm. For a given order, at 
the end of each iteration of the rational approximation, the unstable poles are replaced by their 
symmetric poles on the left-hand side. This stability correction causes higher error for some 
orders, which results in non-monotonic SER plots. 
The results suggest some optimal methods for fitting the acoustic data. In order to get an 
adequate fitting accuracy, corresponding to an SER of 25 dB, a representation with 8-10 poles is 
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sufficient. The best fit should have as few poles as possible while still meeting some error 
criterion. When the order of the fit is too high, the rational approximation begins to fit the noise 
in the data. This is an undesired result; thus, the order must be kept as low as possible, ideally at 
the order where the SER vs. order becomes fairly flat (Fig. 6.2). Noise is common in such 
measurements, particularly those made in a clinical environment. 
In the reflectance domain, the rational fitting algorithm is optimized when the constant D is 
forced to zero in the case where no delay is removed. When delay is removed, approximating the 
distance between the probe and the tympanic membrane, D may be nonzero. The fit to the 
reflectance is best when a nonzero delay is removed and D is allowed to be nonzero. However, 
when fitting in the impedance domain, the delay parameter has no effect on the fitting because 
the impedance phase does not show a strong group delay (so the delay is estimated to be 
approximately zero). When fitting to the impedance, the constant D provides a significant fitting 
improvement.  
The pole-zero fit to the acoustic reflectance in the Allen middle ear model has no poles or 
zeros in the mid-frequency range where normal ears show individually varying minima and 
maxima. An additional pole-zero pair in that frequency range provides more variability in the 
reflectance. This may be useful for adjusting the model to fit normal middle ear data. This 
suggests that the current Parent & Allen model is missing some elements that should affect the 
mid-frequency range. The polar plots of the reflectance each have a loop which corresponds to 
the bump. It is hypothesized that this loop is due to a standing wave in the middle ear. The poles 
and zeros found for the middle ear data will be further investigated in order to improve middle 
ear network modeling. 
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In the impedance domain, the poles and zeros distribute alternatively along the imaginary 
axis (Fig. 6.4f, 6.6f). A previous study has solved the synthesis problem for interlacing pairs of 
real or complex poles and zeros (58). Further study on the synthesis of the poles and zeros for 
the impedance is expected to provide a circuit model for the middle ear from the pole-zero 
representation. 
In conclusion, a new representation method for middle ear acoustic measurements is 
proposed. The pole-zero fit using the rational approximation can properly represent the acoustic 
reflectance and impedance data. These fits may be further synthesized for middle ear models and 
aid in interpreting the physical meanings of middle ear acoustic measurements.  
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CHAPTER 7    CORRELATION STUDY OF MIDDLE EAR 
INFECTION BY LCI/OCT OTOSCOPE AND ACOUSTIC 
POWER MEASUREMENT SYSTEM 
7.1 Overview 
Bacterial biofilms have been considered to be the cause of many chronic infectious diseases (8, 
12, 59, 60). In middle ear infection (also called otitis media - OM), biofilm is also linked to 
chronic infections which include recurrent OM or OM with effusion. Scanning electron 
microscopy images of middle ear mucosa specimens from chinchillas (61) and humans with 
chronic OM verify the presence of biofilm (9). Biofilms are complex, organized structures 
formed by bacteria. This biopolymer structure often has the consistency of glue, and the 
protected bacteria within the biofilm become inherently resistant to most conventional 
antibiotics, resulting in reinfection and treatment complications for chronic OM cases (62).         
Currently, optical coherence tomography (OCT) is the only imaging technique which can 
acquire in vivo, non-invasive images of the middle ear structure (42, 63). Human TMs are 
approximately 100 µm thick and the thickness of biofilms vary in the range of tens to hundreds 
of micrometers (21, 39). These micro-features of the middle ear are therefore not suitable for 
more traditional medical imaging techniques such as CT, MRI, and ultrasound, even with state-
of-the-art high-resolution methods. OCT, with a high imaging resolution of several micrometers 
and a penetration depth of 2-3 mm, is appropriate for imaging the middle ear structure (17). This 
imaging technique is analogous to ultrasound imaging but uses a near-infrared light source. The 
interference of scattered light from the tissues and reflected light from a mirror provides 
structural depth-resolved information about the tissues, in the form of two-dimensional cross-
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sectional images or three-dimensional volumes. OCT was demonstrated for imaging the TM, the 
malleus, and the tensor tympani muscle (19, 20). Our previous studies have demonstrated the 
capability of using OCT for in vivo middle ear imaging and for detecting the presence of bacterial 
biofilms in the middle ear (42, 63). A portable OCT system was used to collect OCT images of 
the middle ears with chronic OM. Bacterial biofilms with different thicknesses and scattering 
levels were detected and visualized behind the TMs. This previous work also demonstrated the 
potential of using OCT in clinical applications for the diagnosis and treatment of middle ear 
diseases. 
Chronic OM causes conductive hearing loss and communication difficulty. Patients with 
chronic OM may have 25 dB on average and up to 45 dB loss in hearing, depending on the 
effusion fluid level (64, 65). However, the impact of bacterial biofilms on the acoustic 
characteristics of the middle ear is still relatively unknown. Intuitively, the presence of a bacterial 
biofilm on the inner surface of the TM or in the middle ear cavity affects the propagation of the 
sound through the middle ear. It is therefore necessary to further investigate and understand the 
acoustic role of a bacterial biofilm. 
Acoustic reflectance has become a powerful measurement for the quantification of the 
acoustic characteristics of the middle ear. Various methods for measuring the acoustic 
impedance and reflectance of the middle ear have been developed and used in clinical 
applications (23, 25). Such systems measure the complex acoustic pressure in the ear canal, 
including magnitude and phase as a function of frequency. The most widely used quantity 
derived from this measurement is the acoustic reflectance, which is the ratio of the backward 
propagating pressure wave to the forward propagating pressure wave at the measurement 
location in the ear canal. The squared magnitude of the acoustic reflectance |Γ|2 represents the 
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amount of acoustic power reflected back to the ear canal from the TM. The phase of the 
acoustic reflectance represents the latency of this reflected power. The measured acoustic 
reflectance in both magnitude and phase as a function of frequency is closely related to hearing 
sensitivity and therefore is relevant to the clinical assessment of the middle ear. Unlike 
impedance, the magnitude of the acoustic reflectance is not affected by probe insertion depth 
(25). Thus, it is possible to compare magnitude reflectance across ears in order to differentiate 
middle ear pathologies from normal ears. 
In another study, we have developed a method to represent the complex acoustic 
measurements of the middle ear (66). A pole-zero fit using a rational approximation method can 
properly represent the complex acoustic reflectance and impedance data (51). Pole-zero maps 
can aid in the interpretation of the physical meanings of middle ear acoustic measurements, and 
be further used to synthesize circuit models to understand sound propagation in the middle ear.  
In this work we investigate bacterial biofilms in the middle ear using a combination of OCT 
and acoustic measurement techniques. Non-invasive OCT images are collected to visualize the 
cross-sectional structure of the middle ear and confirm the presence of biofilm behind the TM. 
The acoustic measurement provides multi-frequency reflectance and impedance characteristics 
of the middle ear. These acoustic measurements are then represented by pole-zero plots, which 
are then analyzed to determine physical acoustic characteristics and to synthesize models of the 
middle ear. 
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7.2 Materials and methods 
7.2.1 Optical coherence tomography 
Detection and imaging of middle ear biofilms was performed by a custom-built OCT-otoscopy 
system with a hand-held probe designed for clinical use (37, 63). The superluminescent diode 
light source in this system operates at a center wavelength of 830 nm, a bandwidth of 70 nm, 
and provides an axial resolution of ~ 3.1 µm in tissue with an average index of refraction of 1.4. 
A high speed line scan camera (Sprint, Basler) and frame grabber (National Instruments) allow a 
data acquisition rate of ∼ 70 frames/s. Sixteen processed OCT images of size 1 x 1.5 mm can be 
displayed each second, after processing. The hand-held OCT scanner utilized galvanometer-
mounted mirrors for fast 2-D and 3-D image acquisition. A miniature CCD (charge-coupled 
device) based color video camera was also integrated, in order to simultaneously capture real-
time video images of the TM surface during acquisition of cross-sectional OCT images. All the 
optics in the handheld scanner were packaged inside a light and robust plastic box. The lens 
mount was constructed by modifying the same metal ear tip and plastic ear specula used in 
existing commercial otoscopes. This allowed for the use of disposable ear specula for each 
patient 
7.2.2 Acoustic measurements 
The acoustic reflectance data considered in this study consist of complex, broadband 
measurements taken over the frequency range of 0.2-6 kHz for 10 normal and 3 pathological 
ears, using the MEPA3 instrument made by Mimosa Acoustics (Champaign, IL). The MEPA 
system includes a low distortion sound source connected to a uniform diameter tube through a 
matching acoustic resistor which is used to maximize the transmitted power. A transducer with a 
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single microphone is placed at the end of the tube to measure the pressure response of the load 
(Fig. 7.1a). The sound source is calibrated using a set of cavities of varying lengths, with 
diameters matched to the average ear canal diameter (Fig. 7.1b). Measurements made from the 
calibration cavities are used to calculate the Thévenin equivalent parameters for the sound 
source, allowing for simple measurement of the impedance at the probe tip location in the ear 
canal (31). In this work, we consider the complex acoustic reflectance. 
 
Figure 7.1: MEPA3 instrument, (a) acoustic probe, (b) calibration cavitie s. 
7.2.3 Pole-zero representation 
 The acoustic measurements are represented by poles and zeros using a rational approximation 
method (66). The Matlab function rationalfit.m in the RF toolbox is utilized for this fitting 
procedure. Data in the frequency domain F(s) is fitted to a residue expansion as in Equation 
(7.1).  
 
 
𝐹(𝑠)   
𝐶𝑖
𝑠  𝐴𝑖
 𝐷
𝑁
𝑖= 
    𝑠  𝜎  j  (7.1) 
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From the rational approximation result, the poles of the acoustic data are present in the residue 
expansion, and the zeros of the acoustic data are directly determined from the roots of 
 
 
 
Since the fitting is highly accurate with an error of less than 3% using 10-15 poles, the pole-
zero map is a reasonable representation for the acoustic measurements. The analysis of these 
pole-zero maps can aid in modeling and interpreting the acoustic characteristics of the middle 
ear. In the reflectance domain the rational fitting algorithm is optimal when the constant D is 
forced to zero when no delay is removed. However the fit to the reflectance is best when a 
nonzero delay between the probe and the TM is removed (25) as well as using nonzero D.  
7.2.4 Human subjects 
This research was conducted under a protocol approved by the Institutional Review Boards of 
the University of Illinois at Urbana-Champaign and Carle Foundation Hospital, Urbana, IL. 
Three normal ears (volunteers) and ten pathological ears (clinical patients) were studied by both 
OCT and acoustic measurement methods. These data and the clinical diagnosis as determined by 
the physician who examined the ears were then utilized for the study. This study focuses on 
chronic OM, especially for ears that were initially diagnosed as having chronic OM with fluid or 
effusion, to investigate the presence and acoustic characteristics of biofilm in the middle ear. 
(7.2)𝑁(𝑠)   𝐶𝑖 (𝑠  𝐴𝑘)  𝐷 (𝑠  𝐴𝑖)
𝑁
𝑖= 𝑘≠𝑖
𝑁
𝑖= 
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7.3 Results 
7.3.1 Normal ear  
The TM of a normal human ear appears translucent to opaque under video otoscopy (Fig. 7.2a). 
On OCT, the normal TM is readily identified by two sharp edges, which are about 90 µm apart, 
and consistent with the average thickness of the human eardrum (100 µm) (Fig. 7.2b). Thickness 
of the TM varies with spatial location, and TM regions near the periphery are significantly 
thicker, compared to the regions toward the center of the TM (Fig. 7.2b). 
The acoustic reflectance of a normal ear shows a high power reflectance for low and high 
frequencies. Minimum power reflectance (|Γ|2) of about 10-30% appears in the frequency range 
of 1-5 kHz which corresponds to the most sensitive hearing range of humans (1-3). This 
reflectance magnitude is consistent with the range of the reflectance magnitude of the normal 
ears, which is illustrated by the shaded region in Figure 7.2c. There exists a slight bump of power 
reflectance at the frequency range of 2-3 kHz (Fig. 7.2c). 
The pole-zero fitting results in excellent fits to the acoustic reflectance in both magnitude 
(Fig. 7.2c) and phase (Fig. 7.2d). With 10 poles, the signal-to-fitting error (SER) ratio is 28.5 dB. 
In Figure 7.2, the black plots are the magnitude and phase of the measured reflectance, and the 
red dotted plots are the magnitude and phase of the fitting data represented by the pole-zero 
plot with the order of 10 (Fig. 7.2e). Since the poles and the zeros are symmetric on the 
frequency axis, only the poles and zeros with positive frequencies are shown in the pole-zero 
map for a simpler illustration. The poles and zeros of the reflectance locate at the neighborhood 
of the frequencies that contain the dramatic changes of the data (0, 1.1, 2, 3.8, 4.2, and 6 kHz). 
Each pole/zero pair is responsible for an extremum in the magnitude.     
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Fig. 7.2:  Normal middle ear. (a) Otoscopy image, (b) OCT image, (c,d) complex pressure 
reflectance magnitude and phase, respectively, where corresponding red dash -dot lines are 
the pole-zero fits, and (e) pole-zero representation.   
7.3.2 Ear with biofilm 
In the case of chronic OM, under video otoscopy, the appearance of the TM may differ between 
patients (i.e. red, cloudy, or retracted). Various structures of biofilms have been observed in 
patient ears (63). In the OCT images, the biofilms can appear with different thicknesses, 
scattering levels, and partially or completely present across the scans. An infected ear with a 
cloudy TM is shown in Figure 7.3a. The OCT image (Fig. 7.3b) clearly shows a bacterial biofilm 
behind the TM. This biofilm is about 130 µm thick and is attached to the TM.  
The acoustic reflectance of this ear with biofilm shows a relatively higher reflectance 
compared to the normal range (shaded region). Minimum power reflectance (|Γ|2) of about 25-
45% occurs in the frequency range of 2-5 kHz. A significant bump of reflectance exists at 3.5 
kHz. The most interesting finding is the reverse slope of the acoustic reflectance in the 
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frequency range of 0.5-2 kHz. This reverse slope has been suspected to be the acoustic effect of 
the biofilm (Fig. 7.3c).  
The pole-zero approximation also shows an accurate fit to the acoustic reflectance of the ear 
with biofilm in both magnitude (Fig. 7.3c) and phase (Fig. 7.3d). Higher order was required for 
the fit due to the significant bump at 3 kHz and the noise at the low frequency range of 0.2-1 
kHz. The SER is 26.5 dB with the use of 10 poles.  The single pole at 1.9 kHz explains the 
reverse slope at the frequency range of 0.5-2 kHz (Fig. 7.3e). 
 
Figure 7.3:  Chronic middle ear infection with biofilm. (a) Otoscopy  image, (b) OCT 
image, (c) complex pressure reflectance magnitude (c) and phase (d), corresponding red 
dash-dot lines are the pole-zero fits, and (e) the pole-zero representation.   
The reverse slope had been observed in the acoustic reflectances from other ears with 
biofilms. The acoustic power reflectances of five subjects with biofilms confirmed by OCT are 
shown in Figure 7.4.  Four of those (subjects 1-4) show the reverse slopes in the frequency range 
of 0.5-2 kHz.  Subject 1 and subject 4 had normal reflectance in the other frequency range (2-6 
kHz). Subject 2 and subject 3 also had abnormally high reflectance in the other frequency range 
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(2-6 kHz). These abnormal reflectances can be considered to be the result of possible ear 
effusions in these chronic OMs. This is consistent with the previous study of increased 
reflectance cause by middle ear effusion (29, 55).   
 
Figure 7.4: Power reflectance data from five different ears with biofilms (subj 1-5) as 
confirmed in OCT images. The shaded region is the range of power reflectance of normal 
ears. The blue rectangle marks the regions of reverse slopes in the reflectance.  
7.4 Discussion 
This research has demonstrated the utility of using OCT and acoustic measurements to assess 
the presence and impact of biofilms in the middle ear. The OCT images from normal and 
chronically infected ears were able to clearly and non-invasively determine the presence or 
absence of a biofilm, which is not possible with any other current imaging method. Acoustic 
measurements are an alternative method to explore middle ear pathologies which provide the 
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major characteristics of middle ear reflectance/transmission and therefore can be used to 
investigate the acoustic effect of a biofilm in the middle ear. The results of these assessments 
provide assistance for the diagnosis and treatment of chronic middle ear infection and an 
improved understanding of its impact on conductive hearing loss. 
The reverse slope of the power reflectance data in the frequency range of 0.5-2 kHz in the 
subjects with chronic OM and biofilm is an important new finding related to the use of acoustic 
reflectance of pathological ears. These findings and supporting data sets further differentiate ears 
with chronic OM and biofilms from the published data of normal ears and other pathological 
ears with otosclerosis ears with an effusion (29), TM perforation (35), and semicircular canal 
dehiscence (67).   
Our study has some technical limitations. The acoustic measurements used in this study only 
provide data in the frequency range of 0.2-6 kHz. This limits our knowledge of high frequency 
behavior that may be particular to a given pathology.  This study also considered only two-
dimensional OCT images of the middle ear. Though these images were collected from different 
locations in the ear, the three-dimensional structure is not established and therefore the spatial 3-
D biofilm colonization within these middle ears is not completely described. The variations in 
biofilm colonization may be used to explain the variations of the reverse slopes in the 
reflectance.    
In an effort to model the middle ear with a biofilm, based on current modeling methods, 
Zwislocki’s 1962 middle ear network model (32) and Parent & Allen’s 2010 model (34) were 
adjusted. Intuitively, the presence of a biofilm is expected to cause major changes to the TM and 
middle ear cavity components. However, the reverse slope observed in this study could not been 
re-created using any current model, despite the efforts to adjust the model parameters. 
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Therefore, further study of modeling the middle ear with a biofilm is necessary to fully explore 
the impact of a biofilm on the acoustic characteristics of the human middle ear. 
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CHAPTER 8    FUTURE WORK AND CONCLUSION 
8.1 LCI/OCT imaging  
The thesis research has demonstrated for the first time the use of the in vivo LCI/OCT 
techniques and acoustic measurements to investigate bacterial biofilms in the middle ear. Several 
studies can be done in the future to continue this line of investigation. 
The OCT imaging system can be further improved. First, wider lateral scans will include 
more spatial information in the cross-sectional images. The current width of the lateral scan is 
about 1 mm while the diameter of a typical TM is about 8 mm. The current OCT system also 
requires more probe movements to cover the full TM area, causing longer imaging sessions. The 
implementation of 3-D OCT imaging will enable one to map the extent of biofilm colonization 
and support the longitudinal tracking of biofilm in response to the various OM treatments 
(antibiotics, surgery).  
Further clinical studies of acute OM cases will reveal whether bacterial biofilms exist in the 
presence of acute OM or not. It is expected that no evidence of biofilm will be present in most 
of the acute OM cases. However, if a biofilm is present, the acute OM will be expected to 
advance to chronic OM due to the development of antibiotic resistance of the bacterial biofilm. 
More clinical studies with OCT imaging in pre- and post-operation patients and OM patients 
with antibiotic treatment will also provide valuable data for the management of OM. 
In this work, based on the supporting studies, the additional structure behind the TM is 
considered to be a bacterial biofilm. It is also debated whether the additional structure may only 
be middle ear fluid. In order to verify this hypothesis, a study is needed to develop methods or 
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algorithms to distinguish bacterial biofilms from middle ear effusions based on their differing 
viscosity characteristics extracted from the in vivo LCI/OCT data.  
8.2 Pole-zero synthesis method for middle ear modeling 
Since the acoustic measurements in the operating room were very noisy and unusable, there 
have been only five acoustic measurement data sets for the cases of OM with bacterial biofilm 
that have been verified by OCT data. More data from this combination study will enhance the 
findings of the distinguished acoustic characteristics of the TM with bacterial biofilm. Also, the 
variation of the reverse slopes on the condition of the biofilm can explain the impact of the 
biofilm on the acoustic characteristic of the middle ear.  
An important future work will be to complete the method to synthesize the middle ear 
model from the pole-zero map representing the acoustic measurement. If successful, this 
method can not only model the middle ear with biofilm but also apply this for the cases of 
normal TM and other middle ear pathologies. 
8.3 Conclusion 
Middle ear infections are one of the most common diseases. Detecting chronic middle ear 
infections, determining the need for antibiotic treatment, and tracking the response to antibiotics 
are the major challenges for the diagnosis and treatment of middle ear infections. The use of 
OCT to non-invasively assess the middle ear for the presence of bacterial biofilms is a novel 
diagnostic tool and method that can subsequently be advanced for the clinical diagnosis and 
management of middle ear infections. The acoustic measurements showed a distinctive 
characteristic in the reflectance of the middle ear with bacterial biofilms. The pole-zero 
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representation method provides the tool to further develop a middle ear model from the 
acoustic measurements. 
The research opens the study of chronic middle ear infection using novel imaging and 
acoustic techniques. OCT becomes the powerful imaging technique for detecting bacterial 
biofilm in the middle ear as well as for the study of other middle ear pathologies. The impact of 
bacterial biofilm on the acoustic characteristics of the middle ear would then be completely 
explored. This research will definitely contribute to the diagnosis, treatment, and understanding 
of hearing loss due to chronic middle ear infection in both research and clinical applications.  
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